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Abstract 
Irrigated land in South Carolina has increased at a rate of about 4,047 hectares per 
year over the past two decades. With this increase in irrigated land comes the ability to 
gain higher yields by applying nutrients through irrigation water. Therefore, many 
growers apply nutrients through irrigation systems, known as fertigation.  
On average, South Carolina growers apply approximately 100 kg/ha nitrogen (N) 
on cotton for a total of 32 million kg annually which totals $4.4 million annually. To stay 
competitive in the global market, it is increasingly important for growers to reduce crop 
input costs while maximizing yields. For example, a 20% reduction in N usage could save 
South Carolina cotton growers over $3.7 million annually.  
Applying proper fertilizer rates is a major management decision for Southeastern 
U.S. producers. In this region, considerable soil variation (texture and water holding 
capacity) and other major factors within production fields affect crop production 
including fertilizer management strategies.  Therefore, uniform application of N fertilizer 
over the entire field in this region can be both costly and environmentally questionable. 
Several researchers have developed sensor-based algorithms and guidelines for 
variable-rate N management for this region. However, currently, there is no variable-rate 
fertigation equipment available to apply a correct amount of N where it is needed within 
a field through an overhead irrigation system. Therefore, the first goal of this study was 
to develop a variable-rate N application system that works independently of irrigation 
water flow and can be retrofitted onto an overhead irrigation system (conventional or 
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variable-rate) for site-specific fertilizer application. The variable-rate fertigation system 
(VRFS) uses the pulse width modulation technique to apply precise rates of N based on 
prescription maps. The system is controlled by custom software developed at Clemson 
University, SC, USA.  
The application system closely followed design specifications and can apply 
different rates of N ranging from 0 to 135 kg/ha and could easily be retrofitted on an 
existing overhead irrigation system (uniform-rate or variable-rate). The VRFS was 
completely independent of the amount of irrigation water being applied to a location in 
a field and could apply fertilizers based on crop needs.  
The average application errors for the nozzle flow uniformity tests was 0.1%. The 
pulses with modulation results were promising with an overall average error of 1.8%. The 
system was capable of following prescription maps with an average N application rate 
error of less than 1.8% for all N rates. There was a strong correlation (R2 = 0.9996) 
between target and actual N application rates.  
Additionally, there are no practical decision-making tools available for variable-
rate application of N through overhead sprinkler irrigation systems, the predominant row 
crop irrigation system in South Carolina. Therefore, field tests were conducted on cotton 
(Gossypium hirsutum L.) during the 2016 and 2017 growing seasons to 1) adapt the 
Clemson sensor-based N recommendation algorithms from single side-dress application 
to multiple applications through an overhead irrigation system; 2) develop correlations 
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between plants “Normalized Difference Vegetation Index” (NDVI) measured using a 
commercially available optical sensor (GreenSeeker®) and those measured by an 
unmanned aerial vehicle (UAV), and c) to compare sensor-based VRFS with conventional 
nutrient management methods in terms of N use efficiency (NUE) and crop responses on 
three soil types.  
Two seasons of testing Clemson’s N prediction calculation to apply multiple 
applications of N was very promising. The multiple applications of N compared to the 
growers’ method (even though much less N was applied) had no adverse impact on yields 
in either growing season. There was no difference in cotton yields between 101 and 135 
kg/ha N applications in either management zone. Also, there were no differences in yield 
between sensor-based, multiple N applications and conventional N management 
techniques. In relation to comparisons of the sensor methods only applying N in three or 
four applications, statistically increased yields compared to single or split applications in 
2016. Applying N in 4 applications, statistically increased yields compared to single, split 
or triple applications in 2017.  
When the sensor-based methods were compared to the growers’ methods 
averaged over four treatments the sensor-based N applications reduced fertilizer 
requirement by 69% in 2016 and 57% in 2017, compared to growers’ conventional 
method. When comparing N rates among the four sensor-based methods (three or four) 
applications, increased N rates by 22.41 kg/ha in 2016 and 25.77 kg/ha in 2017 compared 
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to single or split applications but increased the cotton lint yields by 272.36 and 138.98 
kg/ha, for 2016 and 2017, respectively.  
There was a positive correlation between the applied N rates and the leaf N 
concentration in cotton leaves. When more N was applied the more leaf N content was 
found in the plant’s leaves. However, this had no adverse impact on yields because the 
sensor-based methods applied significantly less N but three and four sensor-based 
applications yields were not significantly different from treatments that received 101 and 
135 kg N/ha.  
Plant height was significantly less on the sensor-based methods compared to the 
growers practice. Statistically there was no difference in boll count between treatments 
101 and 135 kg N/ha and four sensor-based N applications. Cotton biomass samples were 
collected and were not significantly different from any of the treatments. 
Utilizing an UAV to measure plant NDVI and subsequently calculate plant N 
requirements is promising. A drone was calibrated against ground based GreenSeeker® 
optical sensors. NDVI values measured with the sprayer-mounted GreenSeeker® were 
correlated with those measured using an UAV. There was a strong correlation between 
the GreenSeeker® and UAV. 
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CHAPTER ONE 
DEVELOPMENT AND TESTING OF A VARIABLE RATE NITROGEN 
APPLICATION SYSTEM THROUGH AN OVERHEAD IRRIGATION SYSTEM 
1.1 INTRODUCTION 
The climate in the Southeastern U.S. is ideal for cotton production. The 
Southeastern U.S. is considered part of the cotton belt which is the region of the USA 
where much of cotton is produced, due to its weather, soils and rainfall (Lawrence and 
Durand, 1954). South Carolina typically receives rain throughout the year; however, 
rainfall distribution is very uneven. For example, in one out of every three years, there 
are 21 consecutive days during the growing season in which rainfall will average < 2.5 
mm/day. In addition, South Carolina experiences 14 consecutive days in which average 
rainfall is < 2.3 mm (Linville, 2002). During the same 14 days, the average crop 
evapotranspiration or water demand is about 0.64 cm creating a water deficit of 0.38 cm 
per day. As a result, if irrigation were to be utilized it could help meet the crops demand 
for water during times of low rainfall. Therefore, irrigation can significantly increase crop 
yields in South Carolina and provide monetary savings compared to dryland methods 
(Khalilian et al., 2008; Miller et al., 2012). Recognizing the benefits of irrigation, more 
irrigation systems have been installed, resulting in irrigated acreage doubling from 1997 
to 2011. The adoption of irrigation has accelerated considerably since 2002, increasing at 
a rate of 4,047 hectares per year (NASS, 2012). 
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Irrigated hectares often come with higher inputs (especially fertilizer) to increase 
yield potential. Nitrogen fertilizer recommendations vary depending on the crop and the 
state’s best management practice (BMP). State BMP’s are generally guidelines provided 
by land-grant universities from research conducted within their state. With the increases 
in irrigation across the Southeastern U.S. many growers apply nutrients through irrigation 
systems, known as fertigation. During fertigation events, nutrients are injected into the 
irrigation water and   dispersed onto the ground and the leaves. The fertilizer that 
contacts the leaves is considered foliar fertilization. Foliar fertilization improves the 
efficiency and rapidity of nutrient utilization required by the plant for maximum growth 
and yield. In this way, the foliar fertilization that subsequently lands on the plants leaves 
provide a more efficient supply of nutrients to the developing cotton plant for optimum 
yields and fiber quality (Oosterhuis, 2009).  
The common method of fertigation is placing a tank filled with nutrients at the 
base of the irrigation system with a pumping apparatus that injects the nutrients from the 
tank into the main irrigation water line. This method applies fertilizer uniformly across 
the entire field (Verbree et al., 2013).  This method does not account for variation in soil 
texture and soil water holding capacity (which can vary in the Southeast region), all which 
could subsequently have a major impact on crop fertilizer management strategies 
(Duffera et al., 2007). In the Southeast region, the yield response to N fertilizer also varies 
significantly among different sections of a production field due to the variation in soil as 
described above, even in small fields (less than 4 hectares in size). Spatial variability adds 
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to the difficulty in N application, use and timing for a cropping season (Scharf et al., 2002). 
Therefore, a uniform application of N fertilizer over the entire field can be both costly and 
environmentally unsound (Kablan et al., 2017). Soil variability can result in a tremendous 
amount of growth variability of cotton plants (Jones, 2008). The soil structure has a 
determination on how well the plants grow. The soil is where the roots are grown which 
is the basis for plan growth and help determine nutrient and water uptake (Dexter, 2004). 
Soil type affects the frequency of fertilizer application. Sandy soils require more frequent 
applications of smaller amounts of nitrogen than do clay soils because these nutrients 
leach more readily in sandy soils due to its larger particle size. Other factors that affect 
application frequency include the plant to be grown, the amount of plant growth desired, 
the amount of water, and the type and release rate of fertilizer applied. Nitrogen 
fertilizers break down into ammonium and nitrate. The nitrate form of N, while essential 
for plant growth, is highly mobile and can move through the soil after rainfall or irrigation 
more rapidly in a sandy soil (Crouse, 2017) 
High production costs make it increasingly important for growers to reduce crop 
input costs while maximizing yields to stay competitive in the global market. For example, 
a 20% reduction in N application could save US cotton, corn, and wheat farmers over $1.8 
billion annually (Nafchi et al., 2017). Applying the proper N fertilizer rate is a critical 
management decision for producers in the Southeastern U.S. Currently there is no 
variable-rate fertigation equipment available to apply a correct amount of N where it is 
needed within a field. Additionally, there are no practical decision-making tools available 
 4 
for variable-rate application of N through overhead sprinkler irrigation systems, which is 
the predominant type of row crop irrigation system in South Carolina. Precision 
agriculture refers to a comprehensive system designed to optimize agricultural 
production through the application of crop information, advanced technology and 
management practices (Roberson, 2000). With recent advances in precision agriculture, 
the technology and equipment are available for precise, site-specific chemical 
applications. This technology can be utilized to place the correct nutrient rate where they 
are needed within a production field. 
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1.2 Objectives 
The main objective of this project was to develop a site-specific N application system that 
can be retrofitted onto an overhead irrigation system to deliver nutrients where needed 
within a specific area of the field. 
The specific goals were to: 
• Design and develop a variable-rate N application system that works independently 
of irrigation water flow and can be retrofitted onto an overhead irrigation system 
(conventional or variable-rate),  
• Adapt the Clemson Variable Rate Irrigation (VRI) software, developed for variable-
rate irrigation system to apply variable-rate N based on crop needs. 
• Test this system for accuracy under actual field conditions. 
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1.3 Review of literature 
The focus of this section is to review the literature related to the study goals. It 
consists of three topics:  
 
1. Variable rate N application 
2. Overhead Irrigation systems 
3. Fertigation 
 
1.3.1 Variable rate N application 
In most cases, traditional uniform N applications result in over- and under N 
application in the same field due to in-field spatial variability (Frasier et al., 1999; Khosla 
et al., 1999; Thrikawala et al., 1999). Under applying N for a high N demand crop, such as 
corn, results in lower yields, poor grain quality, and reduced profits (Kablan et al., 2017).  
Even though cotton does not require as much N as corn, it can still be adversely impacted 
when it is under-applied. When N is under-applied in cotton squares can fall off, plants 
will be smaller, fiber quality will be impacted and yield will be lower (Hake et al., 1991). 
When N is over-applied, profit is reduced and negative environmental consequences are 
likely (Hake et al., 1991). Therefore, maximum net returns may not be achievable with 
uniform N applications (Prato and Kang, 1998). In addition, the nitrate form of N is highly 
mobile in surface and ground water, and is a major source of water contamination, 
especially in the sandy soils of Southeastern Coastal Plain region. The ability to variably 
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apply optimum levels of N fertilizer corresponding to site-specific field conditions, has 
been shown to increase nitrogen use efficiency (NUE), yields, crop quality, and net dollar 
returns while decreasing nutrient overload (Shanahan et al., 2008; Khalilian et al., 2008, 
2011 and 2017; Wiatrak et al., 2008; Porter et al., 2010).  
The potential for improved profitability due to variable-rate N application depends 
on identifying areas in the field where additional N inputs will increase revenue on a scale 
that is greater than the added costs and/or identifying areas where reducing N inputs will 
decrease costs on a scale that is greater than potential revenue reduction (Snyder et al., 
1999). Since the soil texture is generally weathered with little organic matter, this makes 
it hard for nutrients specifically, N to stay in place for long periods of time making it more 
prone to leaching. For this reason, several researchers across the cotton and corn 
producing states have developed concepts and algorithms for identifying these areas in 
the field and for variable-rate N fertilizations (Earnest and Varco, 2005; Scharf et al., 2008; 
Arnall et al., 2008; Khalilian et al., 2011 and 2017; Rogers et al., 2016). These algorithms 
take into effect local conditions that minimize N usage while maximizing yields. However, 
there are no guidelines available for variable-rate application of N fertilizers through 
overhead irrigation systems.  
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1.3.2 Overhead Irrigation systems 
Irrigating can potentially increase cotton yields in South Carolina by 65% (Khalilian 
et al., 2000, and 2011). In South Carolina, irrigated acreage doubled from 1997 to 2011, 
increasing at a rate of 4,047 hectares per year since 2002 (NASS, 2012). Overhead 
irrigation systems account for 89% of the all irrigation systems in South Carolina, (NASS, 
2012).  
Recent droughts (1998-2002, 2007, & 2011) in the Southeastern U.S. as well as 
trans-boundary water conflicts between neighboring states have elevated the importance 
of water resource conservation (Kiepper and Evans, 2014). Competition for limited water 
resources has become a critical issue in some parts of the Southeastern states. For 
example, in some parts of Georgia, limits are already being placed on agricultural 
irrigation (Kiepper and Evans, 2014). In South Carolina, 15 counties have already been 
designated as Capacity Use Areas (CUA) (SCDHEC, 2001). Growers that can pump more 
than 3 million gallons of water in any given month from these areas are now required to 
obtain a South Carolina Groundwater Withdrawal Permit (SCDHEC, 2001). The CUA 
designation could extend to the rest of the state as competition for water increases. 
Currently, pumping more than 3 million gallons of ground water outside of a CUA is 
permitted with a letter of intent.  
One of the important irrigation challenges in the Southeastern U.S. is the high 
spatial variability that exists within fields. The solution lies in matching variable irrigation 
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applications to field variability. The technology to do this is known as variable-rate 
irrigation (VRI), which applies water to meet specific crop needs.  A VRI system has the 
potential to improve water use efficiency (Khalilian et al., 2005), energy use efficiency, 
and crop yields while reducing irrigation-induced runoff (Sadler et al., 2000) and 
subsequent adverse impacts on ground and surface water quality (Evans and Harting, 
1999; Perry et al., 2003; Han et al. 2009).  
VRI systems integrate GPS positioning into a control system which cycles individual 
sprinklers or groups of sprinklers OFF and ON and varies travel speed to achieve desired 
rates within management zones. In doing so, the system also avoids off-target water 
applications onto undesirable areas (roads, waterways, non-cropped areas, wet spots, 
and overlapping sprinkler areas). The irrigation system covers the field at optimum speed, 
as variable speed control allows the irrigation system to move quickly over lower lying 
areas that can retain water and other undesirable areas and will slow down over the 
sandy spots.  
Soil water holding capacity is controlled primarily by the soil texture and the soil 
organic matter content. Soil texture reflects the particle size distribution of a soil. An 
example is a silt loam soil that has 30% sand, 60% silt and 10% clay sized particles. In 
general, the higher the percentage of silt and clay sized particles, the higher the water 
holding capacity. The small particles (clay and silt) have a much larger surface area than 
the larger sand particles. This large surface area allows the soil to hold a greater quantity 
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of water. The amount of organic material in a soil also influences the water holding 
capacity. As the level of organic matter increases in a soil, the water holding capacity also 
increases, due to the affinity of organic matter for water (Crouse, 2017). 
However, variable-rate irrigation technology that can apply different amounts of 
water based on soil and crop needs introduces another challenge. This challenge is how 
to apply variable-rate application of nutrients through an overhead irrigation system 
when utilizing a variable-rate irrigation system. 
1.3.3 Fertigation 
Fertigation is the injection of fertilizers through the irrigation system. This method 
has several advantages (Schwankl et al., 1998; Schwankl and Prichard 2001): (a) Allows 
flexibility in timing fertilizer application, (b) Reduces the labor required for applying 
fertilizer, compared to other methods, (c) Allows less fertilizer to be applied compared to 
other fertilization methods, and (d) Can lower costs. Fertigation allows a grower to apply 
fertilizers at any time without the need for equipment in the field, which increases the 
efficiency of chemical application and reduces chemical use and cost (Burt, 1999). 
In order to be injected, fertilizers must be soluble. Some fertilizers delivered as a 
solution can be injected directly into the irrigation system, while those in a dry granular 
or crystalline form must be mixed with water to form a solution (Schwankl et al., 1998). 
The fertilizer most commonly injected is N since it is the most limiting nutrient in plant 
growth and there are many soluble N sources that work well in fertigation. These include: 
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1. Urea Ammonia Nitrate (UAN) (32-0-0) is a solution of 45 percent 
ammonium-nitrate (NH4NO3), 35 percent urea, and 25 percent water. 
UAN is corrosive (high salt index) to irrigation equipment. However, it 
supplies two forms of N to the plant 
2. Urea (46-0-0) is dissolved and is not as corrosive to irrigation equipment 
because it has a low salt index.  
3. Calcium nitrate (17-0-0-8.8 Ca) is more commonly used on horticultural 
crops with a high calcium requirement. Most of the nitrogen in CAN-17 is 
readily available to the plant (Verbree et al., 2013). 
Equipment is available for injecting fertilizers into irrigation systems, including 
differential pressure tanks, Venturi devices, positive displacement pumps, small 
centrifugal pumps, and solutionizer machines (Schwankl et al., 1998; Schwankl and 
Prichard, 2001). The injection point should be located so that the injected fertilizer and 
the irrigation water can become thoroughly mixed well upstream of any branching of the 
flow (Schwankl et al., 1998). 
Differential pressure tanks (known as batch tanks) are the simplest of the injection 
devices. The inlet of the tank is connected to the irrigation system at a point of pressure 
higher than that of the outlet connection, which causes irrigation water to flow through 
the tank containing the chemical to be injected. As the irrigation water flows through the 
batch tank, a portion of the chemical goes into solution and passes out of the tank and 
into the downstream irrigation system. Because the batch tank is connected to the 
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irrigation system, it must withstand the operating pressure of the irrigation system. While 
relatively inexpensive and simple to use, batch tanks have the disadvantage that as 
irrigation continues, the chemical mixture in the tank becomes more and more dilute, 
decreasing the concentration in the irrigation water (Schwankl and Prichard, 2001).  
Positive displacement pumps are piston or diaphragm pumps that inject at precise 
rates and are more commonly used with overhead irrigation systems. The pumps are 
powered by electricity or fuel (e.g. gasoline or diesel) or are driven by water. The water 
driven pumps can be installed in locations that lack power but are dependent on constant 
water flow to operate properly. When a constant and precise injection concentration is 
needed, positive displacement pumps are preferable (Fares and Abbas, 2009).   
Frequently, a centrifugal pump is used for the injection of fertilizers. These pumps 
have a greater flow rate than do the positive displacement pumps or most Venturi 
injectors, which makes them appropriate for higher injection rate applications. The 
centrifugal pumps can be either electrical or fuel engine driven. Using the centrifugal 
pump in conjunction with a flow meter can be helpful in controlling the injection rate 
(Landis et al., 2010). 
Solutionizer machines were developed to inject materials that are not readily 
soluble. Their most common use is for injecting finely ground gypsum through the 
irrigation system (Schwankl and Prichard, 2001), but they are also used for injecting 
fertilizer products, such as potassium sulfate (Schwankl and Prichard, 2001).  The 
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solutionizer machines inject a slurry material into the irrigation line where it then mixes 
and goes into solution.  
Safety equipment is required for environmental protection when fertigating.  A 
check valve is usually located between the water source and the injection point, which 
prevents the chemical from moving back to the water source. The check valve has a one-
way, spring-loaded flap inside, which allows water to pass only downstream. The check 
valve also has an air vent/vacuum relief valve, which prevents a vacuum from forming 
that could draw chemical through the closed check valve. Backflow of fertilizer to a well 
or other water source can result in surface and groundwater contamination.  An 
electronic interlock between the water pump and the fertilizer injector pump could be 
used to prevent operation of the injector if water is not being pumped.  A normally-closed 
solenoid valve also could be used between the chemical tank and the injector to keep 
chemical in the tank from flowing into the irrigation system when it is not operating. 
However, fertigation can still cause environmental damage, particularly when the 
chemicals injected move readily with the irrigation water. Over-irrigation resulting in 
deep percolation can contaminate groundwater when a mobile chemical is injected 
(Schwankl and Prichard, 2001). 
The uniformity of fertigation is as uniform as the water application system. Also, 
once injection begins, the injected fertilizer does not immediately reach the nozzles, since 
there is a “travel time” for water and injected chemical to move through an irrigation 
system (Van Der Gulik et al., 2007).  
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With the recent adoption of variable rate irrigation systems in the Southeastern 
U.S., growers are facing a new challenge for the application of nutrients through overhead 
irrigation systems. This is largely due to the advancement of technology that allow more 
precise placement of irrigation water through zone management. Current fertigation 
systems inject a fertilizer at an injection point, located near the irrigation pump, so that 
the injected fertilizer and the irrigation water can become thoroughly mixed well 
upstream before any branching of the flow.  Therefore, the fertilizers are applied 
uniformly to the entire field, as uniform as the water application system.  
Applying varying amount of irrigation water to different parts of a production field 
(through a VRI), will result in fertilizers to be applied at varying rates to different parts of 
the field, proportional to the amount of water applied, and not based on the crops’ need. 
Currently, several companies (Agri-Inject Inc., Yuma, CO, USA; Trimble Inc. Sunnyvale, CA; 
and T-L Irrigation, Hastings, NE) offer commercially available pumping apparatuses that 
can be added to variable rate irrigation systems to address this problem. These systems 
are designed for center pivot pie-shaped VRI systems and will not work with true variable-
rate overhead irrigation systems. These devices only provide responsive control of 
fertilizer or chemical flow into the system to match changing irrigation conditions. 
Whether the variable flow rates are the result of a corner span extending, change in pivot 
speed, or changing flow rate from the pump, the change in water flow rates automatically 
adjusts the rate of the injection pump to ensure consistent fertilizer dosing proportional 
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to irrigation volumes applied. Therefore, they are not true variable-rate fertilizer 
application systems. 
In summary, currently there is no variable-rate fertigation equipment available to 
apply a correct amount of N where it is needed within a field independent of the irrigation 
system. Additionally, there are no practical decision-making tools available for variable-
rate application of N through overhead sprinkler irrigation systems.  
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1.4 Materials and Methods 
1.4.1 Design Criteria 
The variable-rate N application system was designed and constructed using the 
following criteria. The system should  
• Have the capability of applying different rates of N ranging from 0 to 337 kg/ha.  
• Utilize the pulsing technique to control the rate of application to allow for precise 
zone management. 
• Easily be retrofitted on an existing overhead irrigation system (uniform-rate or 
variable-rate). 
• Apply fertilizers based on crop needs and be independent of the amount of 
irrigation water is being applied at that location. 
• Be controlled using pre-described fertilizer rates (map-based) and could 
communicate with GPS and GIS software. 
• Inject fertilizers into the irrigation nozzles, to eliminate the “travel time” for water 
and injected chemical to move through an irrigation system.  
• Maintain a constant pressure throughout the fertilizer application system so that 
uniform application of N can be achieved. 
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1.4.2 N Injection System 
The test field was equipped with a 76-m long linear-move irrigation system 
(Reinke Manufacturing, Deshler, Nebraska), which was modified to apply variable-rate 
nitrogen (VRN) with low energy precision application (LEPA) drops (Figure 1.4.1).  
 
 
Figure 1.4.1: 76m Linear-move Low Energy Precision Application (LEPA) varible rate 
irrigation system (VRI) irrigation system 
 
The irrigation system was also capable of applying water site-specifically (VRI) to 
a different part of the field based on a prescription map (Han et al., 2009).  
A special trailer was designed and constructed to carry the fertilizer tank and 
injection equipment alongside the irrigation system (Figure 1.4.2). One side of this trailer 
was supported using two wheels, while the other side was attached to the irrigation 
system using two heavy duty hinges, which allowed the trailer to pivot when moving on 
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uneven ground with respect to the lateral system. The fertilizer injection system consisted 
of a 1250-liter tank; a roller pump (Hypro Pumps, New Brighton, MN) that was powered 
by an electric motor (Leeson Electric, Grafton, WI); and electronic control system. The 
roller pump was rotated using chains and sprockets to set the proper RPM of the system. 
 
 
Figure 1.4.2: Custom designed trailer apparatus with tank, motor and pump attached to 
irrigation system. 
 
The roller pump distributed N from the tank into a 114-liter bladder tank (Water 
Worker, http://www.waterworkerdiy.com/), (Figure 1.4.3). This pressurized N storage 
tank was required to reduce pump cycling and maintain constant N pressure throughout 
the injection system. An adjustable pressure switch (Square D Industries, Andover, MA), 
attached to the bladder tank was used for this purpose. The pressure switch energized 
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the electric motor to pump more N into the bladder tank when the system pressure 
dropped below 0.276 MPa and to turn off the motor when pressure reached above 0.345 
MPa. Without a pressure switch, the N pump would run continually, which would make it 
difficult to control the line pressure. The bladder tank and pressure switch combination 
also kept N pressures above that of the irrigation water which facilitated injection into 
the LEPA drops. 
 
 
Figure 1.4.3: 114-L bladder tank. 
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A flow divider (Prince Hydraulics, North Sioux City, SD) (Figure 1.4.4) was installed 
between the bladder tank and the main N line, which made it possible to increase or 
decrease maximum N rate throughout the system sending any excess flow back to the 
tank. A pressure gauge was installed after the flow divider to monitor system pressure.  
 
 
Figure 1.4.4: Ten position flow divider to adjust nitrogen rates. 
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The N injection system was divided into ten zones. Each zone was controlled 
independently to apply different N rates based on the prescription map. The LEPA 
irrigation system consisted of Quad Spray® drops (Senninger Irrigation Inc., Clermont, FL) 
hanging so that the irrigation emitter was 25 cm above the ground. Four different 
irrigation patterns (bubble, aerated bubble, spay irrigate and chemigate) could be used 
with LEPA nozzles that allow the water to be applied differently depending upon the 
growth stage of the crop. For this field study the chemigate pattern was used.  
The VRFS system uses the pulse system like a variable-rate irrigation system, 
described by Perry et al., (2003). The pulsing system cycles individual or a group of N 
injection solenoids OFF and ON, to achieve desired N rates within management zones. 
The VRFS system consists of one main N line made from 1.9-cm CPVC that spans the 
length of the irrigation system. The main N line feeds ten manifolds along the irrigation 
system. Ten normally closed, 2-way, 24V electric solenoid valves (U.S. Solid model: USS-
LSV00005, Joyfay International LLC, Cleveland, OH) were used to control N rates.  
Each solenoid valve was attached to a manifold with four outlets (Figure 1.4.5), 
which injected N into four irrigation drop nozzles. Therefore, each solenoid covered eight 
rows of cotton. The manifolds were also made from CPVC and allowed N to be injected 
through a 6.4-mm tubing into the irrigation drops. A flow regulator equipped with a 
CP4916-15 orifice disk (TeeJet Technologies, Springfield, IL) was installed at the end of 
each injection tubing (just before the tubing entered the irrigation drops), which helped 
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to control the flow of N into the irrigation drop. These orifices were utilized to maintain 
even N distribution from the manifolds to each irrigation drop. 
 
 
Figure 1.4.5: U.S. Solid 24v solenoid and PVC nitrogen injection manifolds. 
 
1.4.3 Control System and Custom Software 
 The electrical signals, sent to the solenoids to turn the N flow off and on, were 
controlled by a solid-state relay board (SSR-RACK24, Measurement Computing, 
Middleboro, MA) with AC-switch solid-state relays (SSR-OAC-05, Measurement 
Computing). A laptop computer, equipped with a data acquisition and control adaptor 
(MiniLab-1008, Measurement Computing), was used to control ten lines of digital output 
to the solid-state relay board. A GPS antenna was installed on top of the lateral and 
connected to a receiver (AgGPS 132, Trimble Navigation Limited, Sunnydale, CA) mounted 
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inside a weatherproof NEMA box, the GPS system provided 30 cm accuracy (Figure 1.4.6). 
A 120 to 24-volt AC transformer (Acme Electric, Menomonee Falls, WI) was used to supply 
power to the solenoids. 
 
 
Figure 1.4.6: Control box with DGPS receiver, solid state relay board and minilab 
connected to a laptop computer. 
 
Clemson Lateral Irrigation Control (CLIC) software (Han et al., 2009) was modified 
and utilized to support Clemson variable rate N injection system. To operate this system 
two software programs were utilized; one to setup the field data and one to setup the 
rates for each zone. The software first collects field information, including the length and 
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width of the field, its GPS coordinates and the orientation of the lateral, number of N 
control sections and zones (Figure 1.4.7).  
 
 
Figure 1.4.7: Clemson Variable Rate Irrigation (VRI) field configuration utility setting 
screen, used for VRN. 
 
The field was divided into “Sections” and “Zones” in which the N rates could be 
controlled. The “Control Section” followed the direction of the Lateral Guide (travel path). 
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The section length can be fixed or variable. In this study, fix length of 18-m was selected 
for all sections. 
The number of zones was set by the hardware and matched the number of relays 
(solenoid valves) installed on the lateral. In this study, the zone width was eight rows 
because the N was injected from the manifold into four irrigation drops. The program had 
the capabilities to manage up to 24 digital control lines.  In the present study, only ten 
were utilized representing the number of solenoids (zones) that were used.  
The N rate information was then entered on the second part of the “Field 
Configuration Utility” (Figure 1.4.8). A site-specific N map can be graphically prescribed. 
The N amount was set by clicking one of the rate buttons on the left and clicking anywhere 
inside the field to apply the selected rate to the zone. The N rate could also be added by 
clicking and dragging the mouse pointer to paint more than one square at a time. A 
custom rate could be set by right-clicking on any section (or plot) and entering a N rate. A 
N prescription map could also be imported from or exported to an Excel spreadsheet.  
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Figure 1.4.8: Clemson Variable Rate Irrigation (VRI) field configuration utility map 
screen, used for VRN. 
 
The second software program, Clemson Lateral Nitrogen Control (CLNC), utilizes 
the N application map, and controls the fertigation system using the position signal from 
the DGPS. The control system can turn a bank of N injectors (solenoids) On/Off in each 
zone. The N control program runs on a 60-s cycle and turns the manifolds On/Off in each 
zone using the control system throughout the cycle. The CLNC program determines the 
highest N rate among the zones along the irrigation system. It then calculates the nozzle 
On/Off time for the rest of each zone, as the fraction of the highest N rate, in a 60-s On/Off 
cycle. For example, if zone one has the highest N rate of 100 kg/ha, and the N rate for 
zone two is 50 kg/ha, then the solenoid in zone one will stay ON, while the solenoid in 
zone two will be turned ON for 30 sec. and OFF for 30 sec. The ON time is shown in pie 
shapes in the CLNC (Figure 1.4.9). 
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Figure 1.4.9: Clemson Variable Rate Irrigation (VRI) software displaying calculated ON 
time for VRN solenoids. 
 
 The controller system successfully communicated with GPS and GIS software, 
closely followed the prescription map, and switched from one rate of N to another at the 
exact location, specified in the map. To accomplish this, the program continuously reads 
the GPS location signal to determine which section of the field the injection system is 
located. When the system moves into a different section, the software recalculates the 
nozzle cycling pattern for each bank in that section. The program is written so that even 
if two or more banks of nozzles are set to come ON or to turn OFF at the same time, each 
will have a two second delay. Therefore, no two banks of nozzles turn ON or OFF at the 
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same time. This was done to reduce fluctuations in the line pressure of the injection 
system. 
When the injection system moves into a new section in a field, the software checks 
all the N rates in that section. The software then identifies the highest N rate that needs 
to be applied to that section. The system does not pulse the nozzles for the highest rate 
but calculates the new pulsing (ON and OFF times) pattern for the rest of the N rates, as 
percent of the highest rate. For example, if there are four rates of N (20, 40, 60, and 80 
kg/ha) in a section, the controller will not pulse the nozzles for highest N rate (80 kg/ha). 
The new pulsing patterns will be calculated as 25, 50, and 75% (15, 30, and 45 s ON), for 
the 20, 40, and 60 kg N/ha, respectively. However, the system cannot adjust the flow 
control valve to deliver the highest N rate. This is because the current flow control valve 
installed on the injection system is a “manually controlled” valve (Figure 1.4.3). Currently, 
the highest rate (for a given section) is adjusted manually. 
The forward speed of a conventional irrigation system is constant; therefore, all N 
rates (for developing a prescription map) can be calculated for the entire field, based on 
a constant speed. However, for a variable-rate irrigation system, the forward speed (in 
addition to pulsing patterns) changes based on the irrigation water rates. The change in 
system speed will affect the applied N rates. For example, if a section in the field requires 
only one rate of N (100 kg N/ha) and two rates of irrigation water (1 and 2-cm deep), then 
the forward speed of the irrigation system will be reduced to increase irrigation water 
depth from one 1 cm to 2 cm. This change in forward speed could almost double the N 
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rate for a portion of that section, as a result, fertilizer would be wasted. Therefore, the 
out flow of the fertilizer injection system (without pulsing) needs to be calibrated for 
different speeds, after installing the equipment on an overhead irrigation system. 
1.4.4 N Injection System Performance Tests 
A variable-rate fertigation system was designed and developed to apply site 
specific amounts of N to a row crop field. The application system closely followed design 
specifications and can apply different rates of N ranging from 0 to 337 kg/ha, utilizing the 
pulsing technique. For the calibration test the max N rate was calibrated to 113 kg/ha 
since the system was tested in cotton. The system was designed in a way that it could 
easily be retrofitted on an existing overhead irrigation system (uniform-rate or variable-
rate). The system can inject fertilizers into the irrigation nozzles (rather than the whole 
irrigation system), to eliminate the “travel time” for injected fertilizer to move through 
the irrigation system. Utilizing a bladder tank helped maintain a constant pressure 
throughout the fertilizer application system. The VRFS was completely independent of 
the amount of irrigation water being applied to a location in a field and could apply 
fertilizers based on a prescription map.  
Four tests were conducted to determine the uniformity of the variable-rate N 
fertigation application system. The variable rate N fertigation system was calibrated for 
accuracy using 3-liter bottles (Thermo-Fisher Scientific). Thirty-eight of these bottles were 
used to match the number of the irrigation drop nozzles that were on the system. Because 
 30 
the system pulses solenoids ON and OFF to produce the desired amount of N, uniformity 
of fertilizer application along the system was a concern. Application uniformity can be 
defined as a measure of the evenness of distribution over the entire area (Scherer et al., 
1999). The Quad Spray® drops at the end of all drop nozzle were removed, and the bottles 
were installed using custom designed bottle caps with a threaded nipple to screw into the 
opening where the Quad Spray® drops were removed (Figure 1.4.10). Since every drop 
nozzle had a bottle, calibrations were accurately measured with no escape of liquid. 
 
 
Figure 1.4.10: A 3- L calibration bottle connected to the end of the LEPA irrigation drop 
hose. 
 
 The first step was to visually observe that the injection system was adequately 
dispersing N into the drop nozzles once the irrigating water was on. For this purpose, the 
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fertilizer tank was filled with water, and four liters of a blue spray indicator (Turf Mark, 
BASF, Research Triangle Park, NC 27709) was added to the tank and was thoroughly mixed 
with the water inside the tank. The irrigation water was then turned on along with the N 
injection system. It was apparent that the blue dye was being injected through all the 
manifolds, mixing with irrigation water and being dispersed properly (Figure 1.4.11).  
 
 
Figure 1.4.11: Injection of blue spray indicator being emitted through LEPA drops 
nozzles. 
 
Test 1: For calibration purposes, the system was tested using dyed water to not 
inadvertently waste N. To accurately test the system, a water and nitrogen calibration 
test was conducted to ensure that the amount of water produced corresponded to how 
much N was being applied. This was obtained by pumping N with the VRFS and doing the 
 32 
same with water to see if there were any differences between the two liquids. Collection 
bottles were placed on each drop nozzle and the VRFS was manually set On so the system 
would not pulse. Then timed for a total of two minutes. After the two minutes the system 
was shut off. This was replicated five times for both water and N. The amount (in units of 
volume) collected from both the N and the water was measured and recorded from each 
drop.  
Test 2: For calibration of the VRFS determining the effect irrigation travel speed 
has on N rates. For this test N rates were controlled by changing the travel speed of the 
lateral irrigation system without pulsing nozzles. Four travel speeds of 31, 41, 62, and 123 
m/h were used for this purpose.  The speed was set at the control panel and bottles were 
placed on each nozzle of the lateral (Figure 1.4.12). The system VRFS was then manually 
turned on for all 10 zones to eliminate pulsing, the irrigation travel was initiated and the 
system started moving at a set speed for a 30-m distance while the bottles were collecting 
the samples as the system was traveling. This method was used for each speed (31, 41, 
62, and 123 m/h). Each speed was replicated four times. The amounts (in units of volume) 
were collected, measured, and recorded from each drop nozzle.  
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Figure 1.4.12: Uniformity test sample collection using 3-L bottles attached to LEPA drop 
nozzles. 
 
Test 3: The fertilizer injection system was tested for uniformity across the length 
of the irrigation system. This test was conducted to determine if the N amounts from the 
nozzles closest to the N tank were different than the N amounts from the nozzles farthest 
from the N tank. Four different N application rates (31, 59, 88, and 113 Kg/ha) were tested 
by manually setting the flow control valve. These N rates were assigned to all ten zones 
and replicated five times. Each rate was collected with the irrigation system stationary for 
a total of one minute. The amounts (in units of volume) were collected, measured, and 
recorded from each drop nozzle. The actual data were compared with the target N rates 
between each drop nozzle and zone. Deviations from target values for each drop nozzle 
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were calculated as percent error. Control limits were also tested to determine the 
acceptability of the systems uniformity and performance. 
Individual nozzles were also tested in nine zones to ensure that each nozzle was 
giving the desired amount of N rate when nozzles were pulsing. Even though the system 
has ten zones only nine were tested to allow the tenth zone to remain open to alleviate 
the system from building up too much pressure. Bottles were installed at the end of each 
nozzle of the lateral, and the N injection system was turned on and N samples were 
collected in the bottles for one minute. The bottles were measured after each pulsing 
test. All the nozzles were tested at the 100%, 75%, 50%, and 25% pulsing (ON and OFF) 
simultaneously for each pulsing percentage. Errors for each nozzle output were calculated 
by subtracting the measured value by the target value and dividing by the target value 
(Gorard, 2005). Control limits were also tested to determine the acceptability of the 
systems uniformity and performance. 
Test 4: This test was conducted to test map-based capabilities of the variable-rate 
N injection system. A prescription map with four N rates of 28, 56, 84, and 112 kg/ha, was 
developed and loaded into the N injection system’s controller. Since the flow control valve 
flow rates were tested in test two the maximum was set at 112 kg/ha which corresponds 
to the solenoids constantly on (100 %) therefore, the controller did not pulse the system. 
For the other three rates (28, 56, 84 kg/ha), the controller pulsed the nozzles at 25, 50, 
and 75%, respectively. For example, for 25%, the nozzles were ON for 15 s (25% of one 
minute) and OFF for 45 s. Again, bottles were mounted in place of each nozzle of the 
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lateral, and samples were collected for 6 m along the lateral irrigation travel. Tests were 
repeated five times. The collected samples (actual) were compared to target values in the 
N prescription map, to determine system accuracy. 
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1.5 Results and Discussion 
1.5.1 System performance 
Test 1: A pump output test was conducted with N and again with water. To 
determine agreement between N and water volume a scatter plot was created to visualize 
the relationship (Figure 1.5.1). To confirm a 1:1 relationship a regression analysis was 
conducted which, included the replication effect. A t-test of the slope coefficient was 
conducted to confirm that the actual slope was equal to one (Table 1.5.1).  This test 
determined that the volume of water compared to N was insignificant. The only 
difference is the density of material was 1 kg/L and 1.28 kg/L for water and N, 
respectively.  
 
 
Figure 1.5.1: Pump output test to determine if volume of water versus N was different. 
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Table 1.5.1: ANOVA table for the nitrogen versus water pump output test to determine if 
volume was different 
Source DF Sum of Squares Mean Square F Value Pr > F  
Model 1 24939909 24939909 2499.953 <.0001   
Error 14 139666 9976.1502    
Corrected 
Total 15 25079575         
Term Estimate Std Error t Ratio Prob>|t| Lower 95% 
Upper 
95% 
Water/N (mL) 0.9530121 0.01906 50.00 <.0001 0.9121 0.9938 
 
 
Test 2: N amounts were controlled by changing the speed of the irrigation travel. 
four different travel speeds (125, 62, 41 and 31 m/hr). N application rates for these speeds 
were 31, 59, 88, and 113 kg/ha, respectively. This determined that there is an exponential 
relationship with N rates versus speed of travel. Figure 1.5.2 shows correlation between 
the irrigation system’s forward speed and the N rates.  
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Figure 1.5.2: Correlations of N rates with the forward speed of the lateral irrigation 
system. 
 
Test 3: Figure 1.5.3 shows application uniformity across the width of the irrigation 
system. The X-axis provides distance of each irrigation drop tube (nozzle) from the base 
of the irrigation system, where the fertigation system was installed. As shown in the 
Figure 1.5.3, the nozzles produce an average flow of 31.1, 58.7, 87.6, and 112.7 kg N /ha, 
for the target rates of 31, 59, 88, and 113 kg N/ha, respectively. Average errors for these 
rates were 0.3, 0.5, 0.5, and 0.3%, respectively. The quantity of N collected from each 
nozzle was also compared to the target values and the deviations from the target values 
for each drop nozzle were calculated as percent error. For the 31 and 59 kg N/ha rates, 
the maximum errors were 8.7%. The maximum error for the 88 and 113 kg N/ha rates 
was 5%. Overall, the average error for all rates was 0.1%.  
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Figure 1.5.3: Application uniformity tests across the width of the irrigation system for all 
nozzles. 
 
To determine if the system had uniform N distribution along the length of the 
irrigation system a control limits statistical analysis was performed. All rates were uniform 
and were within control limits (Figure 1.5.4). 
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Figure 1.5.4: Control limits for application distribution across the width of the irrigation 
system for all nozzles. A: 31kg/ha N rate, B:59kg/ha N rate, C: 88 kg/ha N rate, D: 
113kg/ha N rate. 
 
System distribution uniformity was also tested at different pulsing rates for all nine 
zones. The tests were conducted for the duration of one minute at 25%, 50%, 75%, and 
100% of nozzle pulsing (ON time).  In each of the nine zones, there were four drop nozzles, 
marked as nozzles 1, 2, 3, and 4.  Output flow from these nozzles was collected and 
converted to kg N/ha. Tests were replicated ten times for each percentage On time. A 
control limit test was also conducted to determine if the pulsing application rates were 
acceptable (Figure 1.5.5). 
 
 
A B 
D C 
 41 
 
 
Figure 1.5.5: Control limits for pulsing distribution uniformity across the width of the 
irrigation system for all zones. A: 25% pulsing N rate, B:50% pulsing N rate, C: 75% 
pulsing N rate, D: 100% pulsing N rate. 
 
To determine agreement between actual and target N amounts a 1:1 
relationship a regression analysis was conducted which included the replication effect. A 
t-test of the slope coefficient was conducted to confirm that the actual slope was equal 
to 1 in relation to actual versus target N rates from pulsing (Table 1.5.2).  
 
 
 
A B 
D C 
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Table 1.5.2: ANOVA table for VRFS application uniformity across the width of the 
irrigation system testing all nozzles of the irrigation system to determine if there is any 
loss of N flow. 
Source DF Sum of Squares Mean Square F Value Pr > F  
Model 1 140099.14 140099 47423 <.0001   
Error 178 525.86 2.954259    
Corrected 
Total 179 140625         
Term Estimate Std Error t Ratio Prob>|t| Lower 95% 
Upper 
95% 
N Uniformity 
(kg/ha) 0.996027 0.004574 217.77 <.0001 0.9870 1.0050 
 
Test 4: This test was conducted to determine the accuracy of the map-based 
controller system for applying variable-rate N. A prescription map with four rates of N 
(28, 56, 84, and 112 kg/ha) was used for this test. Nozzle flow samples were collected for 
6 m along the lateral irrigation travel and repeated five times. Figure 1.5.6 shows the 
results of the accuracy test for the map-based controller system.  
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Figure 1.5.6: VRFS application uniformity along the direction of the lateral irrigation 
travel using the map-based controller over a 6m distance.  
 
The system produced an average flow of 26.8, 55.6, 83.1, and 113.3 kg N/ha, for 
prescription map rates of 28, 56, 84, and 112 kg N/h, respectively. The average application 
error for all rates was 1.8%. The application errors ranged from 0.8 % to 4.4%. The 28 kg 
N/ha rate had the highest error, and the 112 kg N/ha rate had the lowest application 
error.  
Table 1.5.3 shows average target and actual N rates for each nozzle.  These nozzles 
produced average N rates of 26.0, 55.6, 82.9, and 111.3 kg/ha, for 25%, 50%, 75%, and 
100% of nozzle ON time, respectively. The overall average error for this test was 1.8% 
with a maximum error of 5.2%.  
 
 44 
Table 1.5.3: Nozzle pulsing % error for four different pulsing percentages along the 
irrigation system. 
Pulsing 
(%) Nozzle 
Target N 
(kg/ha) 
Actual N 
(kg/ha) % Error 
100 1 112.2 110.8 1.20% 
100 2 112.2 111.5 0.60% 
100 3 112.2 111.2 0.90% 
100 4 112.2 111.7 0.40% 
75 1 84.1 81.6 3.07% 
75 2 84.1 82.9 1.47% 
75 3 84.1 84.1 0.00% 
75 4 84.1 83.0 1.33% 
50 1 56.1 55.5 1.00% 
50 2 56.1 56.3 -0.40% 
50 3 56.1 55.3 1.40% 
50 4 56.1 55.3 1.40% 
25 1 28.0 26.9 4.00% 
25 2 28.0 26.6 5.20% 
25 3 28.0 26.7 4.80% 
25 4 28.0 27.4 2.40% 
  Overall % Error  1.80% 
 
 
There was a strong correlation (R2 = 0.999,) between the target and actual N 
application rates for the map based system. To determine agreement between target N 
rates and actual N rates a scatter plot was created to visualize the relationship (Figure 
1.5.7). To confirm a 1:1 relationship a regression analysis was conducted which included 
 45 
the replication effect. A t-test of the slope coefficient was conducted to confirm that the 
actual slope was equal to 1 (Table 1.5.4). 
 
 
Figure 1.5.7: Target versus. actual N rates of the map-based controller. 
 
 
Table 1.5.4: ANOVA table for Target versus actual N rates of the map-based controller. 
Source DF Sum of Squares Mean Square F Value Pr > F  
Model 1 15666.678 15666.7 55411.62 <.0001   
Error 18 5.089 0.282733    
Corrected 
Total 19 15671.767         
Term Estimate Std Error t Ratio Prob>|t| Lower 95% 
Upper 
95% 
Actual/ 
Target (kg/ha) 1.0013328 0.004254 235.40 <.0001 0.9923 1.0102 
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1.6 CONCLUSIONS 
A VRFS was developed and installed on a lateral move irrigation system, to deliver 
site-specific N rates. The system was designed in 2016 and tested in a fallow field before 
the 2017 growing season. The field this system was installed in was a 2-hectare field of 
cotton. The application system closely followed design specifications and can apply 
different rates of N ranging from 0 to 135 kg/ha and could easily be retrofitted on an 
existing overhead irrigation system (uniform-rate or variable-rate). The VRFS was 
completely independent of the amount of irrigation water being applied to a location in 
a field and could apply fertilizers based on crop needs.  
The average application errors for the nozzle flow uniformity tests were 0.3, 0.5, 
0.5, and 0.3%, for the target application rates of 31, 59, 88, and 113 kg N/ha, respectively. 
Surprisingly, the average error for all rates was 0.1%. These results helped determine that 
the output of the VRFS was uniform across the whole length of the irrigation system (all 
zones) and not over or under applying N closer to the first injection point (zone 1) 
compared to the farthest injection point (zone 10). 
Nozzle pulsing was tested to determine the amount of N the nozzles would give 
for a certain On time. The nozzles produced average N rates of 26.0, 55.6, 82.9, and 111.3 
kg N/ha, for 25%, 50%, 75%, and 100% of nozzle ON time, respectively. The overall 
average error for this test was 1.8% with a maximum error of 5.2%.  
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The controller system successfully communicated with GPS and GIS software, 
which closely followed the prescription map, and switched from one rate of N to another 
at the exact location, specified in the prescription map. The controller software is written 
so that no two banks of nozzles would turn ON or OFF at the same time to reduce 
fluctuations in the line pressure of the injection system. The system produced an average 
flow of 26.8, 55.6, 83.1, and 113.3 kg N/ha, for prescription map rates of 28, 56, 84, and 
112 kg N /h), respectively. The average application error for all application rates was 1.8%. 
The application errors ranged from 0.8 % to 4.4%. The 28 kg N/ha rate had the highest 
error, and the 112 kg N/ha rate had the lowest application error. There was also a strong 
correlation (R2 = 0.999) between the target and actual N application rates. 
The overall performance of the system was promising. The VRFS had the capability 
to apply correct amounts of N within each zone by either manually controlling the pulsing 
mechanism or utilizing a prescription map that could apply different rates throughout the 
field within each individual zone. The out flow of the fertilizer injection system should be 
calibrated for different speeds, after installing the equipment on a VR overhead irrigation 
system. Once it is calibrated for the different speeds there is no need to recalibrate due 
to the speed percentage remaining constant. This information needs to be incorporated 
into the systems controller to apply N rates independent from the VR irrigation outputs. 
Also, the manually controlled flow divider valve (currently on the system), needs to be 
replaced with a hydro-electric flow control valve, to adjust the highest rate of N in each 
section of the field.  
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CHAPTER TWO 
COTTON RESPONSES TO VARIABLE NITROGEN RATE FERTIGATION 
THROUGH AN OVERHEAD IRRIGATION SYSTEM 
2.1 INTRODUCTION 
Irrigation can significantly increase crop yields in South Carolina and provide monetary 
savings compared to dryland production (Khalilian et al., 2008 and Miller et al., 2012). 
Irrigated hectares have doubled from 1997 to 2011, and the adoption of irrigation has 
accelerated considerably since 2002, increasing at a rate of over 4,000 hectares per year 
(NASS, 2012). With the increases in irrigation across the Southeastern U.S., many growers 
apply nutrients through irrigation systems, known as fertigation, which has become a 
common practice for cotton growers in this region. Results of field research demonstrated 
the uptake of foliar applied 15N urea by cotton leaves and translocation to the developing 
bolls (Oosterhuis, 2009). Once the nitrogen (N) was applied, it was rapidly absorbed by 
the leaf at a rate of 30% within one hour and translocated to the closest boll within 6 to 
48 hrs., after application. The remaining N is then moved progressively into adjoining bolls 
for the next few days with no translocation to other leaves (Oosterhuis, 2009).  
In the Southeastern coastal plain region, cotton is commonly produced in fields with 
significant variation in soil texture, soil type, water holding capacity, and other factors, 
which have a major impact on crop N fertilizer management strategies (Duffera et al., 
2007). In this region, yield response to N application also varies significantly among 
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different sections of a production field, even in small fields (less than 4 hectares in size). 
This spatial variability adds significant challenges in managing N use and timing for a 
cropping season (Scharf et al., 2002). 
Most irrigation systems are setup to apply nutrients to crops by injecting them into 
the irrigation system. The most common fertigation is a uniform broadcasting application 
of N over the entire field which can be both costly and environmentally unsound. 
Nitrates (NO3-) are one of two major essential plant N nutrients, but in excess amounts 
nitrate can cause significant water quality problems as an anion more vulnerable to 
leaching than the other major nitrogen form of ammonium (NH4+). The nitrate-N is also 
mobile in surface and ground water, and is a major source of water contamination, 
especially in the sandy soils of South eastern coastal plain region. The current 
Environmental Protection Agency standard for nitrate - N for potable water supply is a 
maximum 10 mg kg-1 (EPA, 2017). Together with phosphorus, nitrate-N in excess amounts 
can accelerate eutrophication, causing dramatic increases in aquatic plant growth and 
changes in the types of plants and animals that live in the stream (American Public Health 
Association, 1992). Additionally, if each hectare were to have 22.67 kilograms less N 
fertilizers on 121,405 hectares, this will result in 6804 metric tons fewer N applied to the 
state’s cotton fields. Using EPA 10 mg kg-1 N limit, we would have 68 billion liters of N free 
drinking water in South Carolina. 
On average, growers in the USA apply about 101 kg N/ha for cotton (USDA, NASS, 
2012). High production costs make it increasingly important for growers to reduce crop 
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input costs while maximizing yields to stay competitive in the global market. For an 
example, a 20% reduction in N usage could save U.S. growers over $1.8 billion annually 
(Nafchi et al., 2017). Applying the proper rate of fertilizer for a crop is one of the major 
management decisions for producers in the Southeastern U.S.  
To achieve the goal of N savings, Clemson University has successfully developed cost-
effective "sensor-based N application" systems for cotton specifically for the coastal plain 
region to account for soil and climatic variables characteristic of this region (Khalilian et 
al., 2008, 2011 and 2017; Wiatrak et al, 2008; Porter et al., 2010). Averaged over four 
years, the Clemson algorithm applied 47% less N without reducing cotton yields. These 
algorithms, which calculate side-dress N requirements based on an optical sensor, are 
specifically designed for Coastal Plain region to account for soil and crop variables 
characteristic of this region. These technologies are currently being transferred to South 
Carolina farmers through on-farm research and extension activities. Previous research on 
this technology on 13 growers’ farms during 2015 to 2017 has shown that the sensor-
based N management saved cotton farmers between $67 and $148 per hectare, by 
applying less N.  
Currently, research is lacking on methods on timing and how much N to fertigate to 
cotton (Verbree et al., 2013). Using a sensor-based N calculator to apply multiple 
applications through an overhead irrigation system has the potential to reduce N applied 
to the crops. Additionally, it could help decrease environmental concerns associated with 
excess rates of N being used with a single application.  
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2.2 Objectives 
The main objective of this project is to develop and test guidelines and 
recommendations for sensor-based and site-specific application of N fertilizer through 
overhead irrigation systems in cotton production.  
Specific project objectives were:  
• To adapt the Clemson University sensor-based N recommendation algorithm 
from single side-dress application to multiple applications through an overhead 
irrigation system. 
• To develop correlations between NDVI measured using a commercially 
available optical sensor (GreenSeeker®) and those measured by an aerial 
platform (UAV). 
• To compare sensor-based and conventional N management methods in terms 
of nitrogen use efficiency (NUE) and crop responses on three soil types. 
• To create practical guidelines for N fertigation rates and frequency through an 
overhead irrigation system. 
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2.3 Review of Literature 
The focus of this section is to review the literature related to the study goals. It 
consists of five subheadings including:  
1. Nitrogen Management in Cotton  
2. Environmental Concerns 
3. Fertigation 
4. Remote-Optical Sensors  
5. Using Unmanned Aerial Vehicles for Data Collection 
2.3.1 Nitrogen Management in Cotton 
The cotton plant has a taproot that can extract mobile nutrients like (NO3-) nitrate 
- N from greater depths than many other plants. Also, cotton will store N in leaves during 
periods of adequacy for later use during boll fill period. Cotton uses 0.22 kg of N per kg of 
lint produced (Livingston and Stichler, 1995). At 40 days after planting, N requirements 
begin to increase as the cotton enters the reproductive stages at “first square”. This 
higher demand for N continues until about 100 days after planting when the bolls begin 
opening (Ayala and Doerge, 2001). The most efficient and widely accepted method to 
supply N to any plant is to have N available to the crop at the time when it will be used by 
the crop (Arnall et al., 2008).  
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A higher N application results in increased total dry matter yield, but at the same 
time a decrease in reproductive to vegetative ratios. This suggests that increasing N rates 
would result in uneven production of vegetative plant structure relative to reproductive 
plant structure (Mussaddak and Abudl, 2011). Therefore, the appropriate N level is 
needed to balance the proper ratio of vegetative and reproductive growth. These factors 
affect the amount and timing of N fertilizer applications (Snyder, 2006). 
Cotton growth is also highly influenced by environmental conditions during the 
growing season and these conditions affect how much N is available, needed, and used 
by the crop at a given time (National Cotton Council, 2009). Timing and amount of N 
needed are factors that can affect N assimilation in cotton (Snyder, 2006). Extension 
services and publications throughout the Southeastern U.S. have demonstrated that if N 
is not correctly managed it can have a major impact on yield. If too much N is applied rank 
growth, boll rot, and defoliation difficulty can occur (Hons et al., 2003).  
Growing degree days are one of the primary environmental conditions that 
determine cotton development and maturity. Cotton growth milestones are often given 
in terms of days after planting or between growth stages, but the development rate of 
cotton is strongly influenced by temperature (Payero, 2017). A cotton crop grows more 
slowly on cool days than on warm days, so temperature measurements during the 
cropping season help estimate when a crop reaches a specific developmental stage. Heat 
units, or DD60s, are an estimation of this accumulated temperature effect during a day, 
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based on the average of the maximum and minimum daily temperatures in degrees 
Fahrenheit (F max and F min, respectively). The number 60 is subtracted from this average, 
because 60 degrees F is generally accepted as the lowest temperature at which cotton 
growth occurs. The equation for calculating DD is:  
DD60	 = 	 (℉max+℉	min)2 – 	60 
Calculating the accumulated heat units of a crop over time can then be used to 
estimate the growth of the cotton during the season (Stewart, 1986). 
The N application frequency is dependent on the soil texture. Based on research 
conducted by Wright et al., (2003), on fine textured soils only one side-dress application 
was required; however, two N applications were sufficient, at squaring and at first bloom 
on coarse textured soils. Previous research has shown that different soil textures and 
types require different N management to ensure the plant receives the proper amount of 
N at the proper time. For example, when leaching potentials are the greatest in sandy 
soils of the coastal plain, N should be applied in split applications (Mullins et al., 2003). 
The split application allows the plant to better utilize the available N without 
environmental losses due to excessive rainfall and other factors. Since variability is high 
in this region, different areas of the field have varying levels of yield potential such as 
sandy areas versus clay areas; therefore, the need to manage crops differently in each 
zone is a necessity (Boydell and McBratney, 1999). This is evident in that managing N in 
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cotton can be difficult and there is need for development and implementation of practical 
variable-rate application equipment to decrease cost while maintaining yield. 
2.3.2 Environmental Concerns 
N in cotton is an essential nutrient for proper growth and development; however, 
excessive N can lead to an unnecessary cost and a potential cause of elevated ground 
water N concentrations (Hunt et al., 1997). Even though production methods have 
evolved and crop management has intensified, approximately 50% of the N applied during 
the growing season is not used (Wiesler et al., 2001).  
Leaching is the loss of N dissolved in the water down into the soil profile 
(Hermanson et al., 2002). The potential for N leaching into groundwater and runoff is one 
of the major concerns of regulatory and environmental groups. Legal action has been 
taken to try and regulate the amount of N present in water bodies (National Cotton 
Council, 2009). The standard practice of early season application of the entire N 
requirement exposes a large percentage of it to losses by leaching, runoff, or 
volatilization. This can lead to increased nitrate levels in ground water and potentially 
exceed the EPA limit of 10 mg kg-1 nitrate – N. Therefore, applying the right amount when 
it is needed, where it is needed can help decrease N contamination. 
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2.3.3 Fertigation and Irrigation 
Irrigation can significantly increase crop yields in South Carolina and provide 
monetary savings compared to dryland methods (Khalilian et al, 2008; Miller et al., 2012). 
The ability to apply water during periods of inadequate rainfall makes irrigation valuable 
to growers. Cotton requires very little water during the first few weeks after germination 
but the demand steadily increases as the plants mature (Krieg, 2000). Research has 
indicated that once cotton begins to wilt, it has already been under physiological stress 
for some time and yield potential has been lost (Collins, 2016). Prior to bloom cotton will 
utilize 1.9 to 2.5 cm of water per week, which is most important during squaring (7-leaf 
stage to first bloom). Thus, under hot and dry early season conditions to optimize yield 
potential the crop should be irrigated at this amount prior to the signs of stress. It should 
also be recognized; however, that abundant moisture magnifies vegetative growth 
problems when excessive nitrogen is available and/or insect control is insufficient. After 
first bloom, irrigation should be applied as needed to supply the quantities of 5 cm of 
water a week (Hake and Grime, 2010). 
Fertigation is the injection of fertilizers into the irrigation system to apply 
fertilizers with irrigation events. This method has several advantages (Schwankl et al., 
1998; Schwankl and Prichard, 2001): 
• Increased flexibility in timing fertilizer application 
• Reduction in labor required for applying fertilizer 
• Reduction in fertilizer applied compared to other fertilization methods 
• Decreased production costs. 
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To be injected, fertilizers must be water soluble. Fertilizers delivered as a solution 
can be injected directly into the irrigation system, while those in a dry granular or 
crystalline form must be mixed with water to form a solution. The fertilizer most 
commonly injected is N, with many soluble N sources available working well in fertigation. 
These are almost all quick-release inorganic N fertilizer forms including anhydrous 
ammonia, urea, ammonium sulfate, calcium nitrate, and ammonium phosphate. 
Fertigation allows a grower to apply fertilizers at any time without the need for 
equipment in the field, which increases the efficiency of chemical application and reduces 
chemical use and cost. 
Fertigation in cotton is a common practice in the Southeastern U.S.; however, 
there is limited data to describe when to apply nutrients through overhead irrigation. N 
is the nutrient most commonly applied in irrigation systems and in general causes few 
clogging problems (Haynes, 1985). Numerous field trials have clearly demonstrated the 
uptake of foliar-applied nutrients by leaves and subsequent translocation to the boll. 
Oosterhuis (2009) reported that, in cotton, 30% of the foliar 15N was rapidly absorbed by 
the leaf within one hour and was translocated into the closest boll within 6 to 48 hours 
after application. 
 Fertigation in cotton is commonly practiced for in season application of N. In 
surface irrigation systems, this practice may be performed as ‘water-run urea’ or injected 
as a N solution into a gated pipe or a pressurized system for overhead irrigation. The 
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fertilizer solution is subsequently delivered to the crop with the irrigation water (Wallace 
and Rochester, 2013).  
The environment protection should be considered when making fertilizer timing 
and rate decisions. The common practice for N application by producers is to make a 
single application to the cotton crop early in the growing season (Scharf and Lory, 2008). 
In most cases split applications are more beneficial and can prevent N losses (Mullins et 
al., 2003).  
Applying the amount of N needed by cotton at the proper growth stages, when it 
can be used makes this method of N management more efficient than a single application 
(Ayala and Doerge, 2001). They reported that using fertigation as a side-dress N method 
as opposed to a late season foliar feed, can enhance cotton yields. There is evidence to 
suggest that utilizing N fertigation at the beginning of an irrigation cycle has an advantage 
on N uptake and NUE of cotton (Zhenan Hou et al., 2007). 
When N is applied at multiple times, fertigation is the most efficient method for 
supplying adequate N rates to cotton. Bronson et al., (2017) reported that applying 
different N sources and N rates, through knifing or fertigation, using an optical sensor to 
measure NDVI, produced similar cotton yields. Knifing is a method to apply N by using 
disc on a N applicator to open a slit in the soil then a nozzle applies N into that slit.  
The continuing advancement of precision agriculture technology and equipment 
has made it possible to scan a plant at a specified growth stage, determine the plant’s 
health and vigor, calculate a sufficient N rate (variable-rate), and deliver it as the 
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application equipment passes over the field. This is known as an on-the-go application 
and it facilitates better crop stage application timing and increases application cost 
efficiency (Luccio, 2013). However, currently, there is no practical decision-making tools 
or equipment available for variable-rate application of N through overhead irrigation 
systems, the predominant irrigation system used in South Carolina (NASS, 2012).  
2.3.4 Remote Optical Sensors 
One of the most common practices in remote sensing involves the use of high 
spatial resolution satellite sensors. These satellite data sets are offered at 250 m, 500 m, 
and 1 km spatial resolution at 16 day or monthly intervals and are some of the most 
commonly used inputs for regional and global scale modelling of environmental dynamics 
(Tucker et al., 2005). However, there are challenges with moderate resolution remote 
sensing such as atmospheric correction, cloud contamination, land cover classification, 
spectral mixing within pixels, and sensor degradation (Myneni et al 1995 and Malenovsky 
et al. 2009). These satellites usually lack the spectral resolution needed for localized field 
scale quantitative remote sensing tasks, which limits the evaluation of important 
vegetation indices. Moreover, certain applications that include temporal monitoring of 
vegetation require multiple short revisit times. This can be costly and ineffective when it 
comes to satellite sensors (Berni et al., 2009).  
Crop sensors use reflected light to measure normalized difference vegetation 
index (NDVI) (Taylor and Fulton, 2010). This index is an indicator of plant health, based on 
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its spectral reflectance. Ascertaining crop health in the field provides the producer an 
estimate of yield potential. The GreenSeeker® optical sensor is an active sensor that emits 
two bands of light, red and near-infrared (NIR), and measures the amount of reflectance. 
Optical sensors measure certain spectrums of light reflected from the leaf surfaces of the 
crop allowing a way of “estimating the photosynthetic status of the crop,” and are often 
quantified using vegetation indices. Vegetation indices are often calculated from green 
(G) (~500-600nm), red (R) (~600-700nm), and near infrared (NIR) (~700-900nm) bands 
(Plant et al., 2000). They are used as a way of estimating the plant health or vigor, but 
often lack the ability for identifying a given stress imposed on a plant (Pinter et al., 2003).  
One of the most commonly used indices is the normalized difference vegetation 
index: 
NDVI = (NIR − Visible)/ (NIR + Visible). 
 
To correlate a quantity to NDVI, a relationship between reflectance and some 
measure of the crop status on the ground must be established (Plant et al., 2000). 
According to the manufacturer of the GreenSeeker® RT200 System, NDVI data can be 
related to nutrient response, condition of the crop, yield potential, or stress of the crop.  
Plant et al. (2000) found that the NDVI measured on crops grown on coarse 
textured soils was considerably less than those grown on loamy soils. Optical properties 
of the plants change with the stage of growth and are strongly affected by “illumination 
and viewing angles, row orientation, topography, meteorological phenomena, and other 
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factors not directly related to agronomic or biophysical plant properties” (Pinter et al., 
2003). Due to these reasons, precautions must be taken to collect data under the same 
conditions for each collection event (time of day, weather, etc.).  
According to Yoon and Thai (2009) the NDVI requiring measurements of two 
spectral wavelengths at NIR and red spectral regions has been widely used in remote 
sensing as an index to estimate various vegetation properties including chlorophyll 
concentration in leaves, leaf area index, plant biomass, and plant productivity. The sensor 
estimate works because plants with more leaf area and chlorophyll absorb higher levels 
of red light and blue light. Therefore, healthy plants can reflect more NIR than less healthy 
plants due to turgid and healthy mesophyll cells. The ratio of the level of reflectance of 
red and NIR are highly useful when using NDVI as an indirect measure of plant health 
(Arnall et al., 2008). In summary, a high NIR reflectance and a low visible absorption 
means a healthy plant while a low NIR reflectance and a high visible reflectance means an 
unhealthy plant with usually a more yellow color.  
Research has shown that leaf chlorophyll content is correlated to NIR and red 
bands and that the vegetation indices containing red reflectance are significantly 
correlated to leaf N concentration (Tarpley et al., 2000). The characteristics of leaf 
chlorophyll concentration at the field level holds promise as a valuable aid for decision 
making in managing N application (Daughtry, 2000). As the N deficiency in cotton 
increases, chlorophyll content and the rate of leaf expansion and canopy development 
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decreases. Remote sensing of chlorophyll has the potential to quickly estimate cotton N 
status and crop productivity (Read et al., 2002).  
When using NDVI to apply N to crops a reference calibration is needed. The NDVI 
reference number could be determined by using a N calibration ramp strip located in the 
field (Bronson et al., 2012), or a N rich strip (NRS) (Raun et al., 2005). The N calibration 
ramp strip is a fertilizer strip containing a range of N rates that are applied while the 
cotton is still small. The primary reason for this is to have the nitrogen available to the 
crop in the calibration strips so that it will have sufficient amounts up until time of optical 
sensing has ceased. The NRS is applying a N rate (about a month before side-dress N 
application), where N will not be limited throughout the season. There has been extensive 
research on mid-season N applications using crop sensors in wheat (Triticum aestivum L.), 
corn (Zea mays), and cotton (Lukina et al., 2007; Raun et al., 2002; Vellidis et al., 2011). 
All the calculators that have been developed use the calibration strip method for 
determining crop health and are an integral part of the algorithms that determine the 
optimum N rate to be applied (Raun et al., 2008). Several universities have developed 
algorithms for N rate calculations that consider local conditions along with local yield 
goals (Thomason et al., 2011).  
A situation in production fields where active sensor technologies may improve N 
management are those where the crop fertilization requirement is high and varies 
considerably or when N losses from excessive rainfalls are uncertain or unavoidable 
(Barker, & Sawyer, 2010 and 2012). However, if there are external environmental or 
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agronomic factors such as nutrient deficiencies, pest damage or herbicide burn a low 
NDVI number could result unrelated to N deficiency. Sensor technologies have been 
utilized in cotton which was designed specifically for the coastal plain area to account for 
soil and climatic variables characteristic of this region (Khalilian et al., 2008, 2011 and 
2017; Wiatrak et al, 2008; Porter et al., 2010). 
2.3.5 Using Unmanned Aerial Vehicles for Data Collection 
The cost of UAVs used for agricultural purposes can range from as little as $1000 
for a starter system and can go up to $10,000 or $20,000, depending on the size of the 
machine and any extra cameras or features equipped. These systems are designed to have 
easily replaceable parts in the event of crashes. To compare that to the several hundred 
dollars per hour, it costs to have a piloted airplane fly over a field and it does not take 
long to cover the cost (Anderson and Gaston, 2013). Aerial photography charges $225 for 
1 to 10 still photos, $375 for a one- to two-minute video, or $525 for stills and videos 
combined (Pender, 2014). 
There are other numerous challenges associated with using traditional methods 
of data collection, such as airplanes and tractor mounted equipment, two of which includ 
accessibility and portability of these methods for recurrent data collection at small 
sampling sites (Dandois and Ellis, 2010). Improvements in remote sensing of vegetation 
by computer vision and the development of unmanned aerial vehicles (UAVs) provide a 
way to overcome these challenges by allowing the possibility of repeatable 
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measurements of vegetation physical and spectral traits at smaller scales. UAVs can fly at 
a much lower altitude compared to satellites or manned aircraft, providing the ability to 
collect data at a much higher resolution (Turner et al., 2011). This provides an element of 
convenience for users, as they can navigate the UAV to the desired location and collect 
the data at a more precise level in a time efficient manner.  
There is evidence to suggest that a modified camera can be used to collect NIR 
images from a whole field rather than from the ground using commercially available 
products such as GreenSeeker®. The GreenSeeker® range is limited to a maximum of 1 m 
above the crops’ canopy being analyzed; however, a modified camera, such as a Canon 
260SX® NIR camera can be used to collect data from a much higher vantage point, 
meaning that it could analyze an entire field with a single high-resolution NIR photo taken 
from a designated altitude. (Malveaux, 2014).  
The NDVI sensor for the GreenSeeker® is flown 1-3 m above the crop canopy and 
costs $2,500 per unit (Malveaux, 2014). Whereas, a modified NIR camera can be flown at 
120 m and capture much larger areas, while also being programmed to automatically take 
an image on a second by second basis. The drone also can take images manually via the 
remote control by programming switches to activate the camera control all while costing 
less than $600 per unit. Duan et al. (2017) utilized images and ortho-mosaics captured by 
a UAV, to estimate ground cover from experimental plots in cotton. This is the only 
published data available related to the use of an UAV for collection field data from cotton. 
However, there are no published data in literature correlating the ground-based NDVI 
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values to those collected using an UAV. This a required step for calibrating the NDVI data, 
acquired from a UAV, to accurately determine cotton N requirements, using remote 
sensing technologies.   
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2.4 Materials and Methods 
2.4.1 Equipment 
2.4.1.1 Soil Electrical-Conductivity Meter 
 
A commercially available Veris 3100 soil electrical conductivity (EC) meter (Veris 
Technologies, Salina, KS) was used to measure the soil-texture variability of the test fields. 
The Veris 3100 EC meter (Lund et al., 1999), consists of six straight-blade coulter disks 
attached at the back of a pull type frame (Figure 2.4.1). The height and depth into the soil 
of the six disks are controlled with a hydraulic cylinder.  
The six disks work in pairs to send and receive electrical current through the soil 
as the meter is pulled through the field. One pair sends the current while the other pair 
receives it. The system can measure the electrical conductivity in two different depth 
ranges (Boydell et al., 1999). 
In the shallow measurement of the soil electrical conductivity four inner discs (2, 
3, 4, and 5) are used (Figure 2.4.2).  A current flow is supplied between the discs 2 and 5, 
and it passes through a soil layer of 30 cm.  The voltage difference between the discs 3 
and 4 is measured. In the deep measurement of soil electrical conductivity, the four outer 
discs (1, 2, 5, and 6) are used.  In this arrangement, a current is supplied between the discs 
1 and 6.  The current passes through the soil to a depth of 91 cm, and the voltage drop 
between the discs 2 and 5 is measured. 
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Therefore, the unit can provide soil electrical conductivity data in either top 30 or 
91 cm of soil. For the purposes of this experiment both shallow and deep EC was used to 
create zones within each field. The voltage drop that is being measured represents the 
depth-averaged electrical conductivity characteristics of the soil in the corresponding 
depth. The system can measure the electrical conductivity continuously across the field.  
It is also possible to interface the system with a DGPS unit to obtain georeferenced data 
on the go.  The implement can be operated at the travel speeds between 12 to 20 km/h.  
A 10-m swath width is appropriate in most areas allowing a 50-hectare field to be mapped 
in a few hours. 
 
 
Figure 2.4.1: Geo-referenced Veris 3100 Soil EC meter attached to tractor. 
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Figure 2.4.2: Operational schematic diagram of Veris 3100 Soil EC meter. 
 
2.4.1.2 GreenSeeker® RT200 System 
 
A commercially available optical sensor, the GreenSeeker® RT-200 (NTech 
Industries, Inc. Ukiah, CA), was used to measure plant NDVI during the growing season. 
The RT-200 system consists of six optical sensors which were mounted on a John Deere 
6700 self-propelled sprayer (Figure 2.4.3). The system was designed to map the center six 
rows of an eight-row plot. The six sensor readings are averaged into one reading and the 
data is sampled on a 1 Hz cycle.  
Individual sensor data can be viewed from the exported file if necessary. The data 
were collected and stored using an onboard computer linked to a Differential GPS (DGPS) 
receiver. The stored data were exported as a shape file after all collections were 
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completed. The shape file could then be imported into a GIS based program where the 
collected data could be averaged and analyzed based on plot design.  
 
 
Figure 2.4.3: Sprayer mounted GreenSeeker® RT-200 system. (A) John Deere sprayer 
platform, (B) GPS antenna, (C) GreenSeeker® optical sensor, (D) data collection 
handheld computer. 
 
2.4.1.3 MikroKopter 
The Mikrokopter Okto-XL is a commercially available drone that was used for NDVI 
data collection (Figure 2.4.4). The drone is an unmanned aerial vehicle (UAV) that can be 
modified for numerous purposes. The UAV weights 2.6 kg and typical LiPo battery is 0.75 
kg for a total of 3.35 kg. The Okto XL can carry an additional payload of 5.5 kg. The flight 
time for this UAV is around 20 minutes when fitted with two cameras and a new battery.  
B 
C 
D A 
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Figure 2.4.4: Mikrokopter Okto with two Cannon SX260 cameras attached. 
 
The Oktocopter used the MZ-24 Radio Transmitter from Graupner (Figure 2.4.5).  
This is a 12 Channel with telemetry technology that supports bi-directional data 
transmission.  It uses a frequency hopping technology which ensures reliability and 
immunity to external interference.  All the switches are programmable and can be 
programmed based on user preferences. 
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Figure 2.4.5: Mikrokopter flight remote controller. 
 
The UAV that was used in this study, was equipped with two cameras, which 
included a normal Canon SX260 RGB (red, green, blue) camera and a 3-Band Remote 
Sensing B-G-NIR 680-800nm Canon SX260 camera (MaxMax LLC, Carlstadt, NJ). The Blue-
Green-NIR camera uses blue as the absorption channel and NIR as the reflection channel. 
The blue channel for NDVI can be used for the visible absorption channel (Figure 2.4.6). 
  The best results could be achieved by using the modified camera’s red and green 
as the reflective channels while using the blue as the absorption channel (Figure 2.4.7).  A 
normal healthy plant will reflect both visible green light and NIR light. 
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Figure 2.4.6: Modified Canon SX260 Camera wavelength spectrum. 
 
 
Figure 2.4.7: Calculating NDVI using modified Canon SX260 camera. 
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Once the images were taken of the plots during the flight, the data was extracted 
from each SD card (that is located inside both cameras) and specialized software was used 
to analyze images.  
 
2.4.1.4 UAV Image Analysis Software 
The Mikrokopter has On Screen Display (OSD) software called MK-tool which 
displays important data for the pilot to see the status of the UAV. Additionally, it is used 
to give in-flight statistics and create waypoints for flight planning (Figure 2.4.8).  
 
 
Figure 2.4.8: Mikrokopter On Screen Display used for in flight statistics. 
 
The drones’ camera collects multiple images during a flight. Therefore, software 
is needed to properly stitch these images together to make one panorama, so that the 
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images can be analyzed as a single image. The software that was used for this purpose, 
was Panorama Stitcher Pro (Figure 2.4.9). This software was used for all images 
throughout the entire study. This is because different stitching software can distort the 
images differently. The images taken by the drone are jpeg file format. This format has no 
associated geography points; therefore, different software had to be utilized to geo-
reference the stitched image.  
 
 
Figure 2.4.9: Stitched image of the 2017 test field using Panorama Stitcher Pro. 
 
The software used for geo-referencing was Qgis, which is a free and open source 
geographic information system and can be downloaded from the following webpage: 
https://qgis.org/en/site/. Qgis was also used to calculate the NDVI of the image (Figure 
2.4.10). The georeferenced NDVI image was then exported as a tiff file to SMS Advanced 
software (Ag Leader Technology, Ames, Iowa) for data analysis.  
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Figure 2.4.10: Calculated NDVI of the 2017 test field in Qgis software. 
 
2.4.2 Field Experiments 
2.4.2.1 Test Fields 
 
The study was conducted at the Clemson University’s Edisto Research and 
Education Center (EREC) located about three miles west of Blackville, SC, USA. Two 
specific fields located on the research center were used to conduct the various field 
experiments. The field used in 2016 (33°20'55.7"N 81°19'00.6"W) was comprised of 100% 
Wagram soil series (Figure 2.4.11). The previous crop (2015) was peanuts, which is a 
legume and provided some N credit for the 2016 growing season. 
 81 
 
Figure 2.4.11: USDA Soil Survey results and map, 2016 test field. 
 
The field used in 2017 (33°21'31.9"N 81°19'56.9"W) was comprised of 49.8% 
Barnwell and 50.2% Orangeburg soil series (Figure 2.4.12). The previous year crop was 
corn. In 2016 and 2017, both fields were equipped with a lateral irrigation tower that 
covered all the plots. 
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Figure 2.4.12: USDA Soil Survey results and map, 2017 test field. 
 
Soil management zones were created in the research production fields based on 
the deep and shallow EC measurements (Figure 2.4.13). Each field was divided into two 
EC zones as described by Li et al., (2008). The EC zones were determined by using both 
shallow and deep EC measurements to separate test field into two zones (high and low 
EC zones).  
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Figure 2.4.13: 2016 test field soil EC (left), 2017 test field soil EC (right). 
 
As previously stated each test field was divided into two zones using the Veris EC 
meter data. Despite the divisions based on soil EC, the original USDA soil survey maps 
aligned very well with the EC data. For the 2016 crop year there was only one soil type 
within the plot area (Wagram). Despite having only one soil type, lower EC areas can be 
noted from the aerial imagery taken by USDA. These lighter areas within the field 
corresponded to lower EC numbers within the field (Figure 2.4.14). 
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Figure 2.4.14: Soil EC Map (left) compared to USDA soil survey map (right) for the 
2016 test field. 
 
 
For the 2017 crop year there were two soil types within the plot area (Barnwell 
and Orangeburg). The Orangeburg soil type is the darker red on the EC map and the 
Barnwell soil type is the lighter red on the EC map which follows the division on the USDA 
soil map (Figure 2.4.15). 
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Figure 2.4.15: Soil EC Map (left) compared to USDA soil survey map (right) for the 
2017 test field. 
 
2.4.2.2 Fertigation Regimen 
The N source used during both growing seasons was a urea ammonium nitrate 
solution (UAN). UAN is a liquid fertilizer containing three forms of nitrogen: urea, 
ammonium-N and nitrate-N. The analysis for the solution used is 25%N and 3%S. The 
added sulfur is for plant amino acid synthesis which facilitates N uptake. 
Treatments were setup to adapt the Clemson sensor-based nitrogen 
recommendation algorithms from single side-dress application to multiple applications 
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through an overhead irrigation system. For this purpose, the following six N treatments 
were replicated seven times in plots of each management zones, using a randomized 
complete block arrangement in both 2016 and 2017:  
1. Farmer method (135 kg N/ha, irrigated recommendation).  
2. Farmer method (101 kg N/ha, dry land recommendation).  
3. One N application based-on optical sensor data (NDVI).  
4. Two N applications based-on optical sensor data (NDVI).  
5. Three N applications based-on optical sensor data (NDVI).  
6. Four N applications based-on optical sensor data (NDVI). 
Two NRS were created by applying a high N rate (168 kg/ha) so that N would not be 
limited throughout the optical sensing period during both growing seasons. 
The plot plan was designed in SSTool software (Stillwater, Ok) and setup using a 
numbering system for tracking purposes. The first number in each plot is the zone, the 
second number is the treatment and the third is the replication. In each plot plan on both 
sides of the field are the NRS. They are labeled appropriately on the plot plan. The plots 
were 7.8m (96.5cm row spacing) wide by 15.2m long with 3m alleys both growing 
seasons. In 2016 there were a total of 84 plots (12 plots wide and 7 plots long) (Figure 
2.4.16). In 2017 there were a total of 88 plots (8 plots wide and 11 plots long). Though 
there were 88 plots in 2017 there was not an even amount to add more replications 
therefore, they were omitted from the test and are marked N/A on the plot plan (Figure 
2.4.17). The plot plan is a randomized complete block experimental design. 
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Figure 2.2.16: The 2016 test field plot plan. The numbers in each plot represent zone, 
treatment, and replication, respectively, with two nitrogen rich strips on both side of test 
field. Treatments: (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N application, (4) Two N 
applications, (5) Three N applications, (6) Four N applications. Treatments 3-6 N rates 
were based on NDVI. 
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Figure 2.4.17: The 2017 test field plot plan. The numbers in each plot represent zone, 
treatment, and replication, respectively, with two nitrogen rich strips on both side of test 
field. Treatments: (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N application, (4) Two N 
applications, (5) Three N applications, (6) Four N applications. Treatments 3-6 N rates 
were based on NDVI. 
 
The NRS was used for calculating the N requirement in each plot, using Clemson’s 
N algorithm (Porter et al., 2010). The NRS is needed for determining the extent to which 
the crop will respond to additional N is equally important (Raun et al., 2005).   
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2.4.2.3 Data Collection 
During both growing seasons, before planting, composite soil samples were taken 
from each plot to determine pH and nutrient uniformity to ensure that factors other than 
N would not be a factor during the season. This was accomplished by randomly taking ten 
soil samples within each plot with a soil probe at a 15cm depth, combining them into a 
bucket, and mixing them. After mixing, the samples were analyzed at the Clemson 
University Soil Testing Lab for pH, P, K, Ca, Mg, Zn, Mn, Cu, B, Na and cation exchange 
capacity (CEC).  
Biomass samples were collected for both growing seasons. To do this, 30 plants 
were harvested during the 18-node stage from each plot by cutting them flush with the 
ground using shears. The plants were taken to a field lab where the leaves, stems and 
bolls were separated and placed into a drier set on 800 C for 48hrs. After drying the 
samples were removed and weighed (Montalvo and Von, 2008). 
Cotton leaf samples were collected from each plot for leaf N concentration. One 
week after final N fertigation application, 40 leaf and petiole samples were randomly 
collected from each plot, with the leaf and petiole were disconnected from each other to 
ensure no nutrient movement between them.   The samples were placed in Clemson 
University sampling bags and promptly taken to the Clemson University plant testing lab. 
Plant height was measured by placing a tape measure on the soil and measuring 
to the plants meristem. Thirty plants per plot were randomly measured for height during 
the 16-node stage by measuring from the soil to the plant’s meristem. Cotton bolls were 
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counted by randomly selecting 50 plants in each plot, counting the number of bolls per 
plant greater than 3-cm diameter. The total number of bolls counted per plot was then 
divided by 50 giving the average boll count.  
Yield was obtained by weighing cotton harvested from each plot using a weighing 
apparatus installed on the cotton pickers. These cotton pickers were setup for plot work 
and were calibrated daily before each harvest event. The cotton was harvested at crop 
maturity using a spindle picker equipped with a weighing apparatus. In the 2016 growing 
season, the middle four rows were harvested making two passes due to field equipment 
available which was a two row Case IH 1855 spindle picker modified for plots (CNH, 
Racine, WI).  In 2017 the middle four rows of each plot were harvested with a four row 
John Deere 9986 spindle picker modified for plots (Deere & Company, Moline, IL). 
Growing degree days and weather events were captured by a weather station 
located near the test fields 33°21'36.5"N 81°20'03.1"W (Figure 2.4.18). The station was 
semi-custom with some components coming premade. The station itself was an Ambient 
Weather WS-1002-WIFI (Chandler, AZ).  
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Figure 2.4.18: The weather station with solar panel and protective cage located at the 
Edisto Research and Education Center near both test fields. 
 
 The weather station collected rainfall, temperature, wind speed and pressure. 
The weather station is wireless and would transmit data to a WeatherUnderground 
webpage that could be access remotely. Attached to the weather station was a Decagon 
Em50 datalogger (Hopkins, CT) with three Watermark soil moisture sensors (Spectrum 
Technologies, Plainfield, IL) placed at three depths (15, 30 and 45cm). To provide power 
to the station a solar panel and 12v battery (Power Sonic, Miami, FL) was installed. To 
protect the weather station from contact by field machinery a stainless-steel cage was 
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fabricated and placed at the base of the station. The weather station setup was used to 
schedule irrigation events and to calculate growing degree days (GDD).   
During the 2017 growing season NIR and RGB images were collected 
simultaneously when NDVI was collected with the John Deere 6700 sprayer that was 
equipped with the GreenSeeker® RT200 system. The drone was a MicroKopter 
Octocopter equipped with two cameras. One was the modified Cannon Powershot with 
B-G-NIR 680-800nm filter to collect Nir data along with visible data and the other camera 
was a normal Cannon Powershot RGB camera. However, only the modified cameras 
images were used since it has both absorption (Nir) and reflective (blue) bands.  
The UAV was flown at an altitude of 105m to each way point created using the 
Mktool OSD. Once the UAV reached each waypoint, images were taken using a 
programmed toggle switch on the controller. Once the drone collected the images from 
the flight, they had to be processed to do data analysis. The first step in this process was 
to stitch the images together. Since the field was large, multiple images were needed to 
be stitched to get a view from the entire field. The software used to stitch the images was 
Panorama Stitcher Pro. The images were uploaded into this program and the software 
recognized known points to paste the images together. Once the images were stitched 
the excess data (outside the test area) could be cropped out by this software to eliminate 
portions of the images that were not used. During this process, no attributes of the 
picture were manipulated such as color, contrast or tint.  
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After the images had been stitched into one image, it was then uploaded into Qgis. 
The first step once loaded into Qgis was to georeference the images. This was done as a 
raster function using the Georeferencer application in the program by selecting known 
points in the field from the Qgis map. To verify that the images were georeferenced into 
the correct location a plot plan was loaded into Qgis. This provided a reference point for 
everything to be placed correctly onto the treatment plots on the map. For this project, 
the map service was Google Earth satellite using the WGS 84 coordinate reference 
system.  
After the images were correctly georeferenced NDVI values were calculated. This 
calculation was done using the raster calculator application within the Qgis program. The 
equation was setup as: 
(Nir - red) / (Nir + red). 
 
In the case of the modified camera (used in this research), the bands had to be 
selected corresponding to which band was reflected and which band was absorbed. In 
this instance band 1 corresponded to Nir and band 3 was the red which made the 
equation in Qgis: 
(Band 1-Band 3) / (Band 1+Band 3). 
 
The NDVI map created in Qgis could then be loaded into AgLeader SMS Advanced 
software.  
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The final image was a tiff file with GPS coordinates and NDVI information. To load 
the map into SMS the “read image file” function was used and the image was imported. 
Since the NDVI map was georeferenced, it was added to the map screen in the 
correct location. The next step was to take the point data and lay a grid over the map. 
This was accomplished by selecting the general options tab, selecting grid size and 
changing the grid to 30 by 30cm for maximum pixel resolution. After setting the grid 
options the grid map feature was selected to make a grid map with NDVI points within 
each grid. The map was then exported as a CSV file by right clicking on the map and 
selecting the export function. The CSV data with latitude, longitude and NDVI was then 
correlated with the ground based NDVI data collected using the John Deere 6700 
GreenSeeker® RT200 system. 
 
2.4.2.4 Growing Season Timeline of Events 
2016 Growing Season 
• Phytogen 499 cotton variety planted on May 21st.  
• The NRS established June 20th, 2016 in each management zone. 
• July 19th, cotton leaf samples for leaf N concentration (match head square growth 
stage), prior to application of treatments 
• July 19th Plant NDVI was measured. The NRS NDVI was taken along with NDVI from 
each plot. 
• July 20th N was applied to plots of all treatments (first squaring growth stage).  
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• July 27th Plant NDVI was measured. The NRS NDVI was taken along with NDVI from 
treatments 4, 5, and 6 plots. 
• July 28th N applied to treatments 4, 5, and 6 (squaring growth stage).  
• August 10th Plant NDVI was measured. The NRS NDVI was taken along with NDVI 
from treatments 5, and 6 plots. 
• August 11th N was applied to plots of treatments 5 and 6 (squaring growth stage). 
• August 25th Plant NDVI was measured. The NRS NDVI was taken along with NDVI 
from treatment 6 plots. 
• August 26th N was applied to only plots of treatment 6 (flowering growth stage).  
• August 31st, cotton leaf samples for leaf N concentration post treatment 
applications. 
• September 8th biomass, boll count and plant height data collected.  
• November 7th cotton harvested from the middle four rows of each plot 
2017 Growing Season 
• Delta Pine 1646 Bollgard II XtendFlex cotton variety was planted May 22nd   
• The NRS established June 5th, 2016 in each management zone. 
• July 6th, cotton leaf samples for leaf N concentration (match head square growth 
stage), prior to application of treatments 
• July 12th Plant NDVI was measured. The NRS NDVI was taken along with NDVI from 
each plot. 
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• July 13th N was applied to plots of all treatments (first square growth stage).  
• July 27th Plant NDVI was measured. The NRS NDVI was taken along with NDVI from 
treatments 4, 5, and 6 plots. 
• July 28th N applied to treatments 4, 5, and 6 (squaring growth stage).  
• August 6th Plant NDVI was measured. The NRS NDVI was taken along with NDVI 
from treatments 5, and 6 plots. 
• August 7th N was applied to plots of treatments 5 and 6 (squaring growth stage). 
• August 14th Plant NDVI was measured. The NRS NDVI was taken along with NDVI 
from treatment 6 plots. 
• August 15th N was applied to only plots of treatment 6 (flowering growth stage).  
• August 22nd, cotton leaf samples for leaf N concentration post treatment 
applications. 
• August 31st biomass, boll count and plant height data collected. 
• October 31st cotton harvested from middle four rows of each plot. 
During both the 2016 and 2017 growing seasons insecticide and herbicide 
application were managed according to BMP’s from Extension Recommendations from 
Clemson University Cotton Growers Guide (Jones et al., 2017).  
The statistical analysis for data in both growing seasons was generalized linear 
model (GLM). The software used to do statistical analysis was SAS (SAS institute, Cary, NC) 
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2.5 Results and Discussion 
2.5.1 Fertigation Testing and Cotton Response 
A variable-rate fertigation system was developed and tested to apply site specific 
amounts of N to the treatment plots. The system was designed to apply different amounts 
of N based on cotton crop needs to be cultivated in coastal plain soils.  
During both growing seasons, in February, composite soil samples were taken 
from each plot to determine pH and nutrient uniformity to ensure that factors other than 
N would not be a factor during the season (Table 2.5.1). In the 2016 soil test results there 
was a potassium (K) deficiency in both EC zones. To correct this 135kg K/ha of potassium 
chloride (0-0-60) was applied to the entire field with a broadcast pull type spreader 
(Chandler Equipment Co., Gainesville, GA) in March. This recommendation came from 
Clemson University Soil Testing Lab for irrigated cotton considering the current K soil test 
results. The 2017 soil test results were adequate for proper crop growth and were not 
suspected to be limiting throughout the growing season. During both growing seasons 
the crop was monitored for any symptoms of nutrient deficiencies. 
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Table 2.5.1: Average soil test results for each EC zone and growing season. 
Soil Test 2016 2017 Zone 1 Zone 2 Zone 1 Zone 2 
pH 6.7 6.8 6.8 6.6 
P kg/ha 89.7 66.9 60.0 71.3 
K kg/ha 56.0 66.1 184.0 135.6 
Ca kg/ha 1077.9 1120.1 1062.1 938.2 
Mg kg/ha 144.2 143.6 205.3 179.8 
Zn kg/ha 2.6 2.7 3.2 2.8 
Mn kg/ha 11.9 13.4 10.8 13.2 
Cu kg/ha 0.3 0.3 0.6 0.6 
B kg/ha 0.3 0.3 0.5 0.3 
Na kg/ha 9.8 10.7 10.6 11.0 
CEC Meq/100g 3.8 3.8 5.4 4.9 
 
Weather conditions and GDD were calculated from a weather station that was 
located at the Edisto Research and Education Center (Table 2.5.2). GDD were recorded 
beginning on the planting date and ended when the cotton was ready for harvest. GDD 
were acceptable for cotton growth and development for each month and development 
stage (Oosterhuis, 1990). 
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Table 2.5.2: Growing degree days for both the 2016 and 2017 seasons. 
Month Month Average Month Total 
2016 2017 2016 2017 
May 13 15 143 147 
June 21 18 636 540 
July 25 22 778 674 
August 23 21 712 643 
September 18 16 532 479 
  Total 2800 2482 
  
 
During both growing seasons, the month with the most GDD was July with a daily 
average of 25 for 2016 and 22 for 2017 (Figure 2.5.1). The month of July had the highest 
accumulation of GDD as expected with a total of 778 for 2016 and 674 for 2017 (Table 
2.5.2). 
 
 
Figure 2.5.1: Growing degree days for both the 2016 and 2017 growing season. 
 100 
 The accumulated heat units were obtained by calculating the sum of the GDD. The 
start date of the calculation began at planting and was terminated when the cotton was 
ready to harvest in terms of days after planting. The total accumulated heat units for 2016 
was 2800 (Figure 2.5.2). The total accumulated heat units for 2017 was 2482 (Figure 
2.5.3). This was an adequate amount of heat units for the plants to mature and produce. 
The range for accumulated heat units is 2200 to 2600 from planting to ready to harvest 
(Oosterhuis, 1990). 
 
 
Figure 2.5.2: 2016 accumulated heat units from planting to crop harvest 
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Figure 2.5.3: 2017 accumulated heat units from planting to crop harvest 
 
 
The weather station was monitored for rainfall as a means for irrigation 
scheduling. During the 2017 growing season more rainfall was noted during the period of 
cotton growth. This helped decrease the amount of overall irrigation needed for that 
cropping season. During the 2016 growing season the month of June had the lowest 
amount of rainfall. Since the cotton was planted May 21st there was a low water 
requirement for the crop (Figure 2.5.4). During the 2016 growing season harvest was 
delayed due to unseasonably high amounts of rainfall in September and October. Both 
growing seasons irrigation was applied pre-plant for optimal planting conditions and seed 
germination. When fertigation was used no less than 1.27 cm was applied to prevent crop 
damage. 
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Figure 2.5.4: 2016 and 2017 seasonal rainfall collected from Edisto Research and 
Education Center. 
 
The crops during both growing seasons had timely rainfall which decreased the 
need for irrigation events. However, during times of increase crop needs supplemental 
irrigation was provided (Table 2.5.3). These rates were determined by using crop 
requirements according to Hake and Grime, (2010). Monitoring rainfall for irrigation 
scheduling ceased at first boll cracking and no irrigation events occurred after boll 
cracking which began in September for both crop years. 
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Table 2.5.3: 2016 and 2017 irrigation totals by month. 
Month Amount Irrigated (cm) 
2016 2017 
May 2 2 
June 4 2 
July 2 3 
August 5 4 
September 0 0 
October 0 0 
Total 13 11 
 
 
During the 2016 growing season there was no difference in cotton yields between 
101 and 135 kg/ha grower N applications methods (treatments 1 and 2). The experiment 
in 2016 was conducted in a field with only one soil type (Wagram). Even though this field 
only had one soil type the field was still divided into two management zones based on soil 
EC. Statistically there was no difference in cotton yield between the two EC management 
zones (Table 2.5.6). There were no differences in yield between sensor-based (treatments 
5 and 6) and conventional N management techniques (treatments 1 and 2).
 Applying N in 3 or 4 applications (treatments 5 and 6), statistically increased yields 
compared to single or split sensor based applications (treatments 3 and 4) (Figure 2.5.7). 
The average cotton lint yields were 1,164.5 and 1,039 kg /ha, for 3 and 4 sensor based 
applications and single or split sensor based applications, respectively (Figure 2.5.7). The 
statistical analysis for 2016 cotton yield was generalized linear model (GLM) (Table 2.5.4).  
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Figure 2.5.7: Effects of N application system on cotton yield, 2016. (1) 135 kg N/ha, (2) 
101 kg N/ha, (3) One N application, (4) Two N applications, (5) Three N applications, (6) 
Four N applications. Treatments 3-6 N rates were based on NDVI. 
Lint yield values with the same letter are not significantly different at the 95% confidence 
level, bars indicate standard error. 
 
 
Table 2.5.4:2016 GLM results of yield versus N application methods and Zone.                                                 
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 229077.2935 45815.4587 1.90 0.051 
Zone 1 3837.7767 3837.7767 0.16 0.6912 
TRT*Zone 5 73113.8945 14622.7789 0.61 0.6954 
Error 72 1737068.70 24125.954   
Corrected Total 83 2043097.66    
 
Averaged over 4 treatments, sensor-based N applications reduced fertilizer 
requirement by 69% compared to growers’ conventional method for dry land cotton 
production (101 vs. 31 kg N/ha). Although multiple (3 or 4) applications increased N rates 
by 22.4 kg N/ha compared to one or two sensor based applications but, increased the 
seed cotton yields by 272 kg/ha. Figure 2.5.8 shows N requirement for different 
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treatments. The statistical analysis for 2016 N applied was generalized linear model (GLM) 
(Table 2.5.5). 
 
 
Figure 2.5.8: Total N applied, 2016. (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N 
application, (4) Two N applications, (5) Three N applications, (6) Four N applications. 
Treatments 3-6 N rates were based on NDVI. Applied N values with the same letter are 
not significantly different at the 95% confidence level, bars indicate standard error. 
 
 
Table 2.5.5: 2016 GLM results of N versus N application Methods and Zone. 
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 123677.3810 24735.4762 125.93 <.0001 
Zone 1 144.0476 144.0476 0.73 0.3946 
TRT*Zone 5 991.6667 198.3333 1.01 0.4184 
Error 72 14142.8571 196.4286   
Corrected Total 83 138955.9524    
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Table 2.5.6: 2016 N totals (kg/ha) and yield (kg/ha) from each EC zones. (1) 135 kg 
N/ha, (2) 101 kg N/ha, (3) One N application, (4) Two N applications, (5) Three N 
applications, (6) Four N applications. Treatments 3-6 N rates were based on NDVI. 
Treatment 
No. 
EC Zone 1 EC Zone 2 
Yield  
(kg/ha) 
Nitrogen Total 
(kg/ha) 
Yield  
(kg/ha) 
Nitrogen Total 
(kg/ha) 
1   1207 a* 134.5 a 1140 a 134.5 a 
2 1243 a 100.9 a 1174 a 100.9 a 
3 1014 b     5.2 d 1064 b 24.2 c 
4 1111 b   24.2 c 1101 b 32.8 c 
5 1155 a   50.1 b 1279 a 46.7 b 
6 1151 a   46.7 b 1221 a 41.5 b *	Values	in	the	same	column	followed	by	the	same	letter	are	not	significantly	different	at	the	95%	confidence	level. 
 
Similar results were obtained in 2017. Again, there was no difference in cotton 
yields between 101 and 135 kg/ha N applications in either management zone. In 2017, 
the field had two management zones divided by soil EC and soil types. The soil EC 
differentiated the soil types almost perfectly that were in this field. The higher EC (zone 
2) followed the Orangeburg soil type and the lower EC (zone 1) followed the Barnwell soil 
type (Table 2.5.9). There were no differences in yield between sensor-based and 
conventional N management techniques (Table 2.5.9). Applying N in 4 applications, 
statistically increased yields compared to single, split, or three applications (Figure 2.5.9). 
The statistical analysis for 2017 cotton yield was generalized linear model (GLM) (Table 
2.5.7).   
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Figure 2.5.9: Effects of N application system on cotton yield, 2017. (1) 135 kg N/ha, (2) 
101 kg N/ha, (3) One N application, (4) Two N applications, (5) Three N applications, (6) 
Four N applications. Treatments 3-6 N rates were based on NDVI. Lint yield values with 
the same letter are not significantly different at the 95% confidence level, bars indicate 
standard error. 
 
 
Table 2.5.7:  2017 GLM results of yield versus N application methods and Zone. 
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 526149.9122 105229.9824 23.41 <.0001 
Zone 1 12049.9094 12049.9094 2.68 0.1060 
TRT*Zone 5 55582.6045 11116.5209 2.47 0.0400 
Error 72 323713.9361 4496.0269   
Corrected Total 83 917496.3623    
 
 
The average cotton lint yields were 1293.4 and 1072.6 kg/ha, for four and single 
application, respectively. Averaged over 4 treatments, sensor-based N applications 
reduced fertilizer requirement by 57% compared to growers’ conventional method for 
dryland cotton production (101 vs. 42.6 kg N/ha). The reduction in N use would be even 
greater when compared to farmer’s conventional method (135 vs. 42.6 kg N/ha) or 66% 
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less N. Also, multiple (3 or 4) applications, increased N rates by 26 kg/ha compared to 
single or split applications but increased the cotton lint yields by 139 kg/ha (Figure 2.5.10). 
The statistical analysis for 2016 cotton yield was generalized linear model (GLM) (Table 
2.5.8). 
 
 
Figure 2.5.10: Total N applied, 2017. (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N 
application, (4) Two N applications, (5) Three N applications, (6) Four N applications. 
Treatments 3-6 N rates were based on NDVI. Applied N values with the same letter are 
not significantly different at the 95% confidence level, bars indicate standard error. 
 
 
Table 2.5.8: 2017 GLM results of N versus N application Methods and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 101091.6667 20218.3333 140.36 <.0001 
Zone 1 144.0476 144.0476 1.00 0.3207 
TRT*Zone 5 434.5238 86.9048 0.60 0.6975 
Error 72 10371.4286 144.0476   
Corrected Total 83 112041.6667    
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Table 2.5.9: 2017 N totals kg/ha) and yield (kg/ha) for each EC zone. (1) 135 kg N/ha, 
(2) 101 kg N/ha, (3) One N application, (4) Two N applications, (5) Three N applications, 
(6) Four N applications. Treatments 3-6 N rates were based on NDVI. 
Treatment 
No. 
EC Zone 1 EC Zone 2 
Yield  
(kg/ha) 
Nitrogen Total 
(kg/ha) 
Yield  
(kg/ha) 
Nitrogen Total 
(kg/ha) 
1   1429 a* 134.5 a 1408 a 134.5 a 
2 1409 a 100.9 a 1397 a 100.9 a 
3 1077 c 17.3 d 1239 b 31.1 c 
4 1237 b 38.0 c 1262 b 44.9 c 
5 1292 b 46.7 c 1317 b 46.7 c 
6 1408 a 76.1 b 1401 a 74.3 b *	Values	in	the	same	column	followed	by	the	same	letter	are	not	significantly	different	at	the	95%	confidence	level. 
 
As the plants matured, a difference in plant height could be observed. Plant height 
data were taken during both growing seasons (2016 and 2017). The samples were 
obtained during the 18-node growth stage. Applying multiple N applications and 
providing N only as it was needed, kept the plant height lower compared to the grower 
methods (treatment 1 and 2) during both growing seasons. Statistically, there was no 
difference in plant height between sensor treatments. However, there was a significant 
difference between 135 and 101 kg N/ha treatments and sensor treatments. The results 
were the same for both growing seasons  
In 2016 the average sensor-based plant height for both management zones was 
78.3 cm while the growers’ N treatment was 88.8 cm (Figure 2.5.11). The sensor 
treatments reduced plant height by 12%. For management zone 1 (EC zone 1) there was 
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a significant difference between growers’ practices and sensor treatments (Table 2.5.11). 
The average plant height for zone 1 was 77 cm for sensor treatments and 89.3 cm for 
growers practice (Table 2.5.11). In management zone 2 (EC zone 2) there was also a 
significant difference between growers’ practices and sensor treatments (Table 2.5.11). 
The average plant height for zone 2 was 79.5 cm for sensor treatments and 88.2 cm for 
growers practice (Table 2.5.11).  The statistical analysis for 2016 cotton plant height was 
generalized linear model (GLM) (Table 2.5.10). 
 
 
Figure 2.5.11: Plant height 2016 EC. (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N 
application, (4) Two N applications, (5) Three N applications, (6) Four N applications. 
Treatments 3-6 N rates were based on NDVI. Plant height values with the same letter are 
not significantly different at the 95% confidence level, bars indicate standard error. 
 
 
 
 
 
 111 
Table 2.5.10: 2016 GLM results of Plant Height versus N application Methods and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 324.7052381 64.9410476 8.04 <.0001 
Zone 1 5.0519048 5.0519048 0.63 0.4316 
TRT*Zone 5 36.1795238 7.2359048 0.90 0.4887 
Error 72 581.6000000 8.0777778   
Corrected Total 83 947.5366667    
 
 
Table 2.5.11: 2016 Plant height (cm) for each EC zone. (1) 135 kg 
N/ha, (2) 101 kg N/ha, (3) One N application, (4) Two N 
applications, (5) Three N applications, (6) Four N applications. 
Treatments 3-6 N rates were based on NDVI. 
Treatment 
No. 
EC Zone 1 EC Zone 2 
Plant Height (cm) Plant Height (cm) 
1   90.1 a* 86.7 a 
2 88.7 a 89.8 a 
3 78.9 b 76.1 b 
4 76.5 b 81.1 b 
5 74.9 b 80.1 b 
6 78.2 b 80.9 b *	Values	in	the	same	column	followed	by	the	same	letter	are	not	significantly	different	at	the	95%	confidence	level. 
 
In 2017 the average sensor-based plant height was 93.5 cm while the growers’ N 
treatment was 108.3 cm the sensor treatments reduced plant height by 13.6% (Figure 
2.5.12). For management zone 1 (EC zone 1) there was a significant difference between 
growers’ practices and sensor treatments (Table 2.5.13). The average plant height for 
zone 1 was 93 cm for sensor treatments and 110.3 cm for growers practice (Table 2.5.13). 
For management zone 2 (EC zone 2) there was also a significant difference between 
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growers’ practices and sensor treatments (Table 2.5.13). The average plant height for 
zone 2 was 92.8 cm for sensor treatments and 106 cm for growers practice (Table 2.5.13). 
The statistical analysis for 2017 cotton plant height was generalized linear model (GLM) 
(Table 2.5.12). 
 
 
Figure 2.5.12: Plant height, 2017 EC. (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N 
application, (4) Two N applications, (5) Three N applications, (6) Four N applications. 
Treatments 3-6 N rates were based on NDVI. Plant height values with the same letter are 
not significantly different at the 95% confidence level, bars indicate standard error. 
 
Table 2.5.12: 2017 GLM results of Plant Height versus N application Methods and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 719.5352381 143.9070476 8.99 <.0001 
Zone 1 17.3719048 17.3719048 1.09 0.3010 
TRT*Zone 5 13.8523810 2.7704762 0.17 0.9718 
Error 72 1152.548571 16.007619   
Corrected Total 83 1903.308095    
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Table 2.5.13: 2017 Plant height (cm) for each EC zone. (1) 135 kg 
N/ha, (2) 101 kg N/ha, (3) One N application, (4) Two N 
applications, (5) Three N applications, (6) Four N applications. 
Treatments 3-6 N rates were based on NDVI. 
Treatment 
No. 
EC Zone 1 EC Zone 2 
Plant Height (cm) Plant Height (cm) 
1  108.1 a* 106.0 a 
2 112.6 a 106.4 a 
3 89.4 b 87.8 b 
4 93.7 b 93.9 b 
5 94.8 b 94.1 b 
6 99.0 b 95.5 b *	Values	in	the	same	column	followed	by	the	same	letter	are	not	significantly	different	at	the	95%	confidence	level. 
 
In terms of sensor-based N applications, both treatments 3 and 4 had a lower yield 
than treatments 5 and 6. However, there was no difference in plant height between these 
two groups. This could be because N rates for treatments 3 and 4 were lower, allowing 
the plants to grow to the height comparable to that of treatments 5 and 6, but lacked the 
correct amount of N to produce equivalent yields, possibly loosing yield by way of square 
shedding. The grower practice treatments were significantly taller due to the excess N 
that was applied to these treatments making more vegetative growth and larger, harder 
to manage plants rather than additional yield. This implies that applying N based on plants 
needs over multiple applications, can reduce plant size while maintaining yields and 
significantly reducing N use. 
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Boll counts were collected during both growing season. During the 2016 growing 
season, statistically there was no difference in boll count between treatments 1, 2 and 6. 
Treatments 3, 4, and 5 produced fewer bolls on the plant (Figure 2.5.13). The average boll 
count for growers’ treatments was 11.7 harvestable bolls per plant and the average count 
for treatment 6 was 11 harvestable bolls per plant. The other three sensor treatments (3, 
4, and 5) averaged 9 bolls per plant (Table 2.5.16).  The statistical analysis for 2016 cotton 
boll count was generalized linear model (GLM) (Table 2.5.14). 
 
 
Figure 2.5.13: Boll Count, 2016. (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N 
application, (4) Two N applications, (5) Three N applications, (6) Four N applications. 
Treatments 3-6 N rates were based on NDVI. Boll count values with the same letter are 
not significantly different at the 95% confidence level, bars indicate standard error. 
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Table 2.5.14: 2016 GLM results of Boll Count versus N application Methods and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 176.5909524 35.3181905 9.59 <.0001 
Zone 1 4.8576190 4.8576190 1.32 0.2545 
TRT*Zone 5 44.9909524 8.9981905 2.44 0.0420 
Error 72 265.0628571 3.6814286   
Corrected Total 83 491.5023810    
 
During the 2017 growing season statistically there was no difference in boll count 
between treatments 1, 2 and 6. However, treatments 2, 3, 4, and 5, produce significantly 
less bolls per plant (Figure 2.5.14). The average boll count for treatment 1 was 14.9 
harvestable bolls per plant and the average count for treatment 6 was 15.3 harvestable 
bolls per plant. The other three sensor treatments (3, 4, and 5) averaged 11.7 bolls per 
plant and treatment 2 averaged 13 bolls (Table 2.5.16). The statistical analysis for 2017 
cotton boll count was generalized linear model (GLM) (Table 2.5.15). 
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Figure 2.5.14: Boll Count, 2017. (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N 
application, (4) Two N applications, (5) Three N applications, (6) Four N applications. 
Treatments 3-6 N rates were based on NDVI. Boll count values with the same letter are 
not significantly different at the 95% confidence level, bars indicate standard error. 
 
 
Table 2.5.15: 2017 GLM results of Boll Count versus N application Methods and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 200.7238095 40.1447619 5.35 0.0003 
Zone 1 14.0876190 14.0876190 1.88 0.1749 
TRT*Zone 5 73.1238095 14.6247619 1.95 0.0967 
Error 72 540.2514286 7.5034921   
Corrected Total 83 828.1866667    
 
Both years followed similar trends; however, both boll counts and yields were 
higher in 2017 compared to 2016. When analyzed by EC zone growing year 2016 showed 
that there were statistical differences between zones. In zone 1 treatments 1, 2 and 6 was 
not statistically different. In zone 2 treatments 1, 2, 5 and 6 was not statistically different. 
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For the 2017 growing season zone 1 treatments, 1 and 2 was not statistically different. In 
zone 2 treatments 1, 2, 5 and 6 was not statistically different. 
 
Table 2.5.16: 2016 and 2017 boll count for each EC zone. (1) 135 kg N/ha, 
(2) 101 kg N/ha, (3) One N application, (4) Two N applications, (5) Three 
N applications, (6) Four N applications. Treatments 3-6 N rates were 
based on NDVI. 
Treatment 
No. 
2016 2017 
Boll Count Boll Count 
EC Zone 1 EC Zone 2 EC Zone 1 EC Zone 2 
1   13 a* 13 a 17 a 13 a 
2 13 a 10 a 13 b 13 a 
3 8 b 8 b 12 b 10 b 
4 9 b 9 b 12 b 10 b 
5 9 b 10 a 11 b 13 a 
6 11 a 11 a 16 a 15 a *	Values	in	the	same	column	followed	by	the	same	letter	are	not	significantly	different	at	the	95%	confidence	level. 
 
Biomass samples collected were not significantly different from any of the 
treatments. This is surprising considering that there were differences in yield and plant 
height. Vegetative growth could have made the plants weight more but not produce as 
many bolls needed for production by shedding them due to a lack of N or other 
environmental stresses. The average biomass for all treatments in 2016 was 441 g and 
593 g in 2017 (Figure 2.5.15 and 2.5.16). This is also true for the plant height. Because the 
plant height of all the sensor treatments for both years was shorter, it seems 
counterintuitive that the biomasses would have no statistical differences. Again, this goes 
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back to the potential for the plant making vegetative growth rather than focusing on fruit 
production as did the sensor treatments 5 and 6. Plants in sensor treatments 3 and 4 were 
the same height as the other sensor treatments; however, boll count and yield was less. 
To elaborate on why the biomass was not statistically different because the plant may 
have had enough N to make the plant an acceptable size just when squaring started later 
in the season the plants were stressed and squares fell off lowering the yield and boll 
count. The statistical analysis for 2016 and 2017 cotton biomass was generalized linear 
model (GLM) (Table 2.5.17 and 2.5.18). 
 
 
Figure 2.5.15: Biomass, 2016. (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N application, 
(4) Two N applications, (5) Three N applications, (6) Four N applications. Treatments 3-
6 N rates were based on NDVI.  Biomass values with the same letter are not significantly 
different at the 95% confidence level, bars indicate standard error. 
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Table 2.5.17: 2016 GLM results of Biomass versus N application Methods and Zone. 
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 153413.9701 30682.7940 1.61 0.1685 
Zone 1 7436.5349 7436.5349 0.39 0.5342 
TRT*Zone 5 46968.5176 9393.7035 0.49 0.7806 
Error 72 1372491.027 19062.375   
Corrected Total 83 1580310.049    
 
 
 
 
Figure 2.5.16: Biomass, 2017. (1) 135 kg N/ha, (2) 101 kg N/ha, (3) One N application, 
(4) Two N applications, (5) Three N applications, (6) Four N applications. Treatments 3-
6 N rates were based on NDVI. Biomass values with the same letter are not significantly 
different at the 95% confidence level, bars indicate standard error. 
 
 
Table 2.5.18: 2017 GLM results of Biomass versus N application Methods and Zone. 
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 101618.6535 20323.7307 0.78 0.5685 
Zone 1 3788.2001 3788.2001 0.15 0.7044 
TRT*Zone 5 135396.1506 27079.2301 1.04 0.4026 
Error 72 1880030.826 26111.539   
Corrected Total 83 2120833.830    
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Cotton leaf samples were analyzed for leaf N concentration during both growing 
seasons. The samples were collected pre/post N applications in each plot. The pre-N leaf 
concentrations were not statistically different between all treatments (p < .05). The pre-
N concentration testing was done to determine uniformity and check for any major 
deficiencies.  
Correlations were found between N rate and the leaf N concentration in a cotton 
leaf during the 2016 and 2017 growing season. The data shows an increase in leaf N 
concentration in cotton leaves as the soil applied N rate increased during both growing 
seasons. In 2016, leaf N concentrations were higher due to more soil available N left over 
from peanuts during the previous growing season. This was evident due to the leaf N 
concentration in leaves across all treatments was higher than data collected in 2017. 
Additionally, less sensor-based N was applied in 2016 in part due to the residual N in the 
soils due to the previous year of a leguminous crop fixing atmospheric N that would keep 
the NDVI numbers higher requiring less N be applied by the Clemson N algorithm. The R2 
value for the 2016 growing season was 0.9395 (P<.05) (Figure 2.5.17). The statistical 
analysis for 2016 cotton leaf N percent concentration was generalized linear model (GLM) 
(Table 2.5.19). 
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Figure 2.5.17: 2016 Leaf % N concentration vs. N rate.  
 
Table 2.5.19: 2016 GLM results of post N applications leaf N concentration amounts 
versus N application Methods and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 7.06946786 1.41389357 4.33 0.0017 
Zone 1 0.00901071 0.00901071 0.03 0.8685 
TRT*Zone 5 0.52615357 0.10523071 0.32 0.8980 
Error 72 23.50697143 0.32648571   
Corrected Total 83 31.11160357    
 
In 2017, the trend was the same with increasing N rates applied. There was a 
correlation between leaf N concentrations found in the leaves (Figure 2.5.18). The R2 
value for the 2017 growing season was 0.8877 (p<.05). The statistical analysis for 2016 
cotton yield was generalized linear model (GLM) (Table 2.5.20). 
 122 
 
Figure 2.5.18: 2017 Leaf N % concentration vs. N rate. 
 
Table 2.5.20: 2017 GLM results of post N applications leaf N concentration amounts 
versus N application Methods and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
TRT 5 3.20553810 0.64110762 5.12 0.0004 
Zone 1 3.29630476 3.29630476 26.35 <.0001 
TRT*Zone 5 0.60652381 0.12130476 0.97 0.4423 
Error 72 9.00842857 0.12511706   
Corrected Total 83 16.11679524    
 
For 2016 The grower practices had a significant amount greater N applied 
compared to the sensor treatments. There was significant difference between the leaf N 
concentration in both growers’ treatments and sensor treatments. However, this did not 
have any adverse effects related to yield in the sensor treatments 5 and 6 as yields were 
comparable to growers’ method in 2016 (Figure 2.5.19). In 2016 the leaf N concentration 
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in growers’ treatments was 3.9% for treatment 1 and 3.8% for treatment 2 compared to 
3.3% for both sensor treatments 5 and 6.  
 
Figure 2.5.19: 2016 leaf % N concentration for different N application totals. The line in 
the chart represents yield for each N rate. 
 
In 2017 the same trend continued, no adverse effects related to yield in the sensor 
treatment 6 as yields were comparable to growers’ method in 2017 even though there 
was a significantly lower N amount applied to the sensor treatments (Figure 2.5.20). In 
2017 the leaf N concentration in growers’ treatments was 3.5% for treatment 1 and 3.4% 
for treatment 2 compared to 3.1% for treatment 5 and 3.2% for treatment 6.  
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Figure 2.5.20: 2017 leaf % N concentration for different N application totals. The line in 
the chart represents yield for each N rate. 
 
No difference in leaf N percent was found between EC zones in either year (Table 
2.5.21). Since the applied N rates were low for all the sensor-based treatments. The N 
application amounts ranged from 14 to 40 kg/ha in 2016 and 22 to 38 kg/ha in 2017 
grouping the sensor treatments together due to the N amounts applied were significantly 
less than that of the grower treatments. 
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Table 2.5.21: 2016 and 2017 cotton leaf N concentration from cotton taken in 
both EC zones after all N applications have been made. (1) 135 kg N/ha, (2) 101 
kg N/ha, (3) One N application, (4) Two N applications, (5) Three N 
applications, (6) Four N applications. Treatments 3-6 N rates were based on 
NDVI. 
Treatment 
No. 
2016 2017 
Leaf % N Leaf % N 
EC Zone 1 EC Zone 2 EC Zone 1 EC Zone 2 
1   3.9 a* 4.0 a 3.7 a 4.0 a 
2 4.0 a 3.6 a 3.8 a 3.6 a 
3 3.2 b 3.2 b 3.1 b 3.2 b 
4 3.3 b 3.4 b 3.1 b 3.4 b 
5 3.2 b 3.3 b 3.3 b 3.3 b 
6 3.3 b 3.3 b 3.4 b 3.3 b *	Values	in	the	same	column	followed	by	the	same	letter	are	not	significantly	different	at	the	95%	confidence	level. 
 
2.5.2 Correlating a UAV with a ground based GreenSeeker® Platform. 
During the 2017 growing season Nir images were collected for calculating NDVI 
(using the Mikrokopter) to determine if there was any correlation between ground-based 
and aerial-platform-based NDVI sensors. Three images were taken with the drone 
simultaneously with the GreenSeeker® RT-200 platform. This made the calibration for the 
drone as the drones’ data were compared with the ground with the RT-200 platform. The 
first drone image was taken during the second GreenSeeker® RT-200 data collection. 
Therefore, the first drone images will be referred to as image two since there were four 
GreenSeeker® data collections. The simultaneous NDVI data (from drone and the 
GreenSeeker® sensors) were collected on July 27, August 6, and August 14, 2017, for 
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images 2, 3, and 4, respectively. Strong correlations were noted comparing individual 
images as well as the averaged NDVI from all three images.  
The effects of different factors on the correlation between ground and drone 
based NDVI were examined by individual flights as well as a composite sample with all 
flight data added together (Table 2.5.25). The results showed that only drone NDVI effect 
was significant, and other factors such as N treatments and zones were insignificant (p < 
.05). During image processing some of the areas of plots were omitted due to shadows 
(from clouds) on the images, which could have adverse effects on the validity of the data. 
The R2 values for each image (2, 3, and 4) were 0.6141, 0.721, and 0.6392, respectively (p 
< .05). When all the 244 observations were combined in one data set, the R2 value was 
(0.5613, p < .05). The statistical analysis for this was a generalized linear model (GLM) 
with the dependent variable being NDVI (Tables 2.5.22, 2.5.23, 2.5.24 and 2.5.25).  
 
 
Figure 2.5.21: Correlations between Drone and GreenSeeker® NDVI (Image 2).  
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Table 2.5.22:  GLM results of Drone image 2 versus GreenSeeker® NDVI methods, TRT 
and Zone.                                                 
Source DF Type I SS Mean Square F Value Pr > F 
Drone NDVI 1 0.38913581 0.38913581 198.25 <.0001 
TRT 6 0.02155446 0.00359241 1.83 0.1015 
Zone 1 0.02768452 0.02768452 14.10 0.0003 
DroneNDVI*trt 6 0.05349496 0.00891583 4.54 0.0004 
DroneNDVI*zone 1 0.00199859 0.00199859 1.02 0.3155 
Error 94 0.18451243 0.00196290   
Corrected Total 109 0.67838077    
 
 
 
 
Figure 2.5.22: Correlations between Drone and GreenSeeker® NDVI (Image 3).  
 
 
 
 
 
 
 
 
 
 
 128 
Table 2.5.23: GLM results of Drone image 3 versus GreenSeeker® NDVI methods, TRT 
and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
Drone NDVI 1 0.35250942 0.35250942 316.77 <.0001 
TRT 6 0.00480224 0.00080037 0.72 0.6351 
Zone 1 0.00242253 0.00242253 2.18 0.1434 
DroneNDVI*trt 6 0.00760605 0.00126767 1.14 0.3459 
DroneNDVI*zone 1 0.00047188 0.00047188 0.42 0.5165 
Error 94 0.10460547 0.00111282   
Corrected Total 109 0.47241760    
 
 
 
 
Figure 2.5.23: Correlations between Drone and GreenSeeker® NDVI (Image 4 
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Table 2.5.24: GLM results of Drone image 4 versus GreenSeeker® NDVI methods, TRT 
and Zone.  
Source DF Type I SS Mean Square F Value Pr > F 
Drone NDVI 1 0.17109539 0.17109539 94.36 <.0001 
TRT 6 0.00698415 0.00116402 0.64 0.6963 
Zone 1 0.00023196 0.00023196 0.13 0.7215 
DroneNDVI*trt 6 0.00474746 0.00079124 0.44 0.8526 
DroneNDVI*zone 1 0.00315495 0.00315495 1.74 0.1908 
Error 83 0.15049442 0.00181319   
Corrected Total 98 0.33670832    
 
 
 
Figure 2.5.24: Correlations between Drone and GreenSeeker® NDVI (all images).  
 
Table 2.5.25: GLM results of Drone All images versus GreenSeeker® NDVI methods, 
TRT and Zone. 
Source DF Type I SS Mean Square F Value Pr > F 
Drone NDVI 1 0.76899004 0.76899004 331.82 <.0001 
TRT 6 0.04359779 0.00726630 3.14 0.0054 
Zone 1 0.00538939 0.00538939 2.33 0.1283 
DroneNDVI*trt 6 0.02830215 0.00471702 2.04 0.0608 
DroneNDVI*zone 1 0.00300950 0.00300950 1.30 0.2554 
Error 303 0.70219659 0.00231748   
Corrected Total 318 1.55148547    
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2.6 Conclusions 
Two seasons of testing Clemson’s N prediction algorithm to apply multiple 
applications of N was very promising. The multiple applications of N compared to the 
growers’ method (even though much less N was applied) had no adverse impact on yields 
in either growing season. There was no difference in cotton yields between 101 and 135 
kg/ha N applications in either management zone. Also, there were no differences in yield 
between sensor-based, multiple N applications and conventional N management 
techniques.  
In relation to comparisons of the sensor methods only applying N in 3 or 4 
applications, statistically increased yields compared to single or split applications in 2016. 
Applying N in 4 applications, statistically increased yields compared to single, split or triple 
applications in 2017.  
When the sensor-based methods were compared to the growers’ methods 
averaged over four treatments the sensor-based N applications reduced fertilizer 
requirement by 69% in 2016 and 57% in 2017, compared to growers’ conventional 
method. When comparing N rates among the four sensor-based methods (3 or 4) 
applications, increased N rates by 22.41 kg/ha in 2016 and 25.77 kg/ha in 2017 compared 
to single or split applications but increased the cotton lint yields by 272.36 and 138.98 
kg/ha, for 2016 and 2017, respectively.  
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Plant height was significantly less on the sensor-based methods compared to the 
growers practice. This is beneficial since large plants could cause yield loss by shedding 
bolls, increased plant growth regulator use, disease, and harvest problems. Though 
sensor treatments were shorter plants yield was not affected. This is evident because 
there was no difference in yield between 101 and 135 kg N/ha treatments and three or 
four sensor-based applications treatments. This proves that applying N based on plants 
needs over multiple applications, can reduce plant size while maintaining yields and 
significantly reducing N use. During both growing seasons, statistically there was no 
difference in boll count between treatments 101 and 135 kg N/ha and four sensor-based 
applications. Cotton biomass samples were collected and were not significantly different 
from any of the treatments.  
There was a positive correlation between the applied N rates and the leaf N 
concentration in cotton leaves. The R2 value for the 2016 growing season was 0.9395. The 
R2 value for the 2017 growing season was 0.8877. When more N was applied the higher 
leaf N content was found in the plant’s leaves. In 2016 the leaf N concentration for the 
135 and 101 kg N/ha treatments was 3.9% and 3.8% compared to 3.3% for three and four 
sensor-based applications. In 2017 the leaf N concentration for the 135 and 101 kg N/ha 
treatments was 3.5% and 3.4% compared to 3.1% for three and 3.2% for four sensor-
based applications. However, this had no adverse impact on sensor-based treatment 
three and four application yields. The sensor based methods applied significantly less N 
but three and four applications yielded as well as treatments that received 135 and 101 
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kg N/ha.   
Utilizing an unmanned aerial vehicle (UAV) to measure plant NDVI and 
subsequently calculate plant N requirements, is promising. The UAV has several 
advantages over using an equipment mounted optical sensor. Some of the advantages 
are decreasing compaction, time, labor cost and increasing profits. However, drone NDVI 
data must be properly calibrated against a ground based NDVI sensor, such as the 
GreenSeeker® optical sensor. A drone was tested against a ground based GreenSeeker® 
optical sensor sprayer platform. NDVI values measured with the sprayer-mounted 
GreenSeeker® were correlated with those measured using an UAV. There were three 
different comparisons taken and the data was analyzed. Also, when all data were 
combined, it was determined that there was a strong correlation between NDVI 
measured with GreenSeeker® and UAV. Utilizing drones to measure plant NDVI and 
subsequently calculate plant N requirements, is promising. Possibly with more 
replications an appropriate algorithm can be produced to accurately calculate the NDVI 
of plants from an aerial image.  
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